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This is Volume 43 “Plant Respiration: 
Metabolic Fluxes and Carbon Balance” in 
this series on Advances in Photosynthesis 
and Respiration Including Bioenergy and 
Related Processes. We note that respiration 
in plants is often ignored by some schools; a 
common misconception among some sec-
ondary school and undergraduate students is 
that plants do not respire. Animals respire 
while plants photosynthesize. It is often very 
difficult to get students to appreciate that 
plants respire just as animals do. This is 
obviously essential given non-photosyn-
thetic plant parts (e.g., roots) and the need to 
survive at night. However, plant respiration 
is essential even in photosynthesizing cells. 
A surprisingly large fraction of carbon fixed 
in photosynthesis is consumed by the plant 
in respiration in non-photosynthetic plant 
parts and by leaves at night and to power 
growth.

In fact, plants exhibit significant flexibil-
ity in their respiratory processes. In addition 
to the canonical glycolysis/tricarboxylic acid 
cycle/mitochondrial electron transport path-
ways that provide ATP, plant respiratory pro-
cesses have many other roles in plant 
metabolism, many of them unique to plants 
and other photosynthetic organisms. For 
example, photorespiration is a metabolic sal-
vage pathway that reduces the damage done 

when oxygen replaces carbon dioxide at 
Rubisco. Plants make many compounds 
essential for life that animals do not make 
(e.g., the essential amino acids). Respiratory 
pathways, for example, parts of the tricar-
boxylic acid cycle, are needed for these 
anaplerotic processes. Plants have a cyanide-
insensitive terminal oxidase that allows them 
to carry out cyanide-insensitive respiration. 
The reasons for this respiratory process are 
not yet completely clear. Mitochondrial pro-
cesses are important in actively photosyn-
thesizing cells although the linkages to 
photosynthesis are not yet entirely clear.

Plant respiration has been studied for a 
long time. Stiles and Leach wrote in 1932 
(W. Stiles and W. Leach (1932) Respiration 
in Plants. Methuen’s Monographs on 
Biological Subjects. Methuen & Co. Ltd, 
London:

The supreme importance of respiration, being as it 
one of the most universal and fundamental process 
of living protoplasm, is recognized by all physiolo-
gists. In spite of this, students of botany frequently 
give respiration little more than a passing consid-
eration. The curious state of affairs is largely due 
to the fact that most of the existing accounts of res-
piration in plants are unsatisfactory because they 
are either insufficiently comprehensive or insuf-
ficiently lucid.

The co-series editors believe this new vol-
ume is “satisfactory” and “sufficiently com-
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prehensive and lucid” to help students and 
researchers understand the various processes 
that are called respiration in plants. In this 
volume, two experts in respiratory processes 
invited authors to describe what is known 
about many of the respiratory processes 
found in plants. This volume joins five oth-
ers in this series that cover respiration and 
mitochondrial processes.

Volume 35 (2012) – Genomics of Chloroplasts 
and Mitochondria, edited by Ralph Bock and 
Volker Knoop

Volume 18 (2005) – Plant Respiration: From 
Cell to Ecosystem, edited by Hans Lambers 
and Miquel Ribas-Carbo

Volume 17 (2004) – Plant Mitochondria: From 
Genome to Function, edited by David Day, 
A. Harvey Millar, and James Whelan

Volume 16 (2004) – Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Respiratory Systems, edited by Davide 
Zannoni

Volume 15 (2004) – Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Electron Transport Carriers, edited by 
Davide Zannoni

 Authors of Volume 43

We note with great pride that the current vol-
ume is truly an international book; it has 
authors from the following 12 countries: 
Australia (10), Austria (1), Belgium (1), 
Brazil (1), Canada (1), France (7), Germany 
(2), Italy (1), the Netherlands (1), New 
Zealand (1), the UK (7), and the USA (7).

We begin by specifically mentioning here 
two authors, who are also editors of this vol-
ume: Guillaume Tcherkez (Australia) and 
Jaleh Ghashghaie (France). There are 40 
authors (including the two editors), who are 
experts in the field of plant respiration. 
Alphabetically (by last names), they are 
Cyril Abadie, Owen K. Atkin, Doug 
P. Aubrey, Franz-W. Badeck, Nur H.A. Bahar, 
Margaret M. Barbour, Camille Bathellier, 

Richard Bligny, Jasper Bloemen, Keith 
J. Bloomfield, Adam Carroll, Antonio C.L. 
da Costa, Martine Dieuaide-Noubhani, 
Mathias Disney, Jaleh Ghashghaie, Elisabeth 
Gout, Kevin L. Griffin, Martin Herold, Mary 
A. Heskel, Chris Huntingford, Christoph A. 
Lehmeier, Anis M. Limami, Jérémy Lothier, 
Yadvinder Malhi, Alberto Martinez de la 
Torre, Mary Anne McGuire, Patrick Meir, 
Brendan M. O’Leary , Ulrike Ostler, 
Elisabeth Planchet, William C. Plaxton, 
Dominique Rolin, Lucy Rowland, Svetlana 
Ryazanova, Hans Schnyder, Alexander 
Shenkin, Nicholas G. Smith, Kathy Steppe, 
Guillaume Tcherkez, Robert O. Teskey, and 
Matthew H. Turnbull. We are grateful for 
their efforts in making this important 
volume.

 Our Books

We list below information on the 42 volumes 
that have been published thus far (see http://
www.springer.com/series/5599 for the series 
web site). Electronic access to individual 
chapters depends on subscription (ask your 
librarian), but Springer provides free down-
loadable front matter as well as indexes for 
nearly all volumes. The available web sites 
of the books in the series are listed below:

• Volume 42 (2016) – Canopy Photosynthesis: 
From Basics to Applications, edited by 
Kouki Hikosaka from Japan, Ülo Niinemets 
from Estonia, and Neils P.R. Anten from the 
Netherlands. Fifteen chapters, 423 pp, hard-
cover ISBN 978-94-017-7290-7, eBook ISBN 
978-94-017-7291-4 [http://www.springer.
com/book/9789401772907]

• Volume 41 (2016) – Cytochrome Complexes: 
Evolution, Structures, Energy 
Transduction, and Signaling, edited by 
William A. Cramer and Tovio Kallas, from the 
USA. Thirty-five chapters, 734 pp, hardcover 
ISBN 978-94-017-7479-6, eBook ISBN 978-
94-017-7481-9 [http://www.springer.com/
book/9789401774796]
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• Volume 40 (2014) – Non-photochemical 
Quenching and Energy Dissipation in 
Plants, Algae, and Cyanobacteria, edited by 
Barbara Demmig-Adams, Győző Garab, 
William W. Adams III, and Govindjee, from 
the USA and Hungary. Twenty-eight chapters, 
649 pp, hardcover ISBN 978-94-017-9031-4, 
eBook ISBN 978-94-017-9032-1 [http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-94-017-9031-4]

• Volume 39 (2014) – The Structural Basis of 
Biological Energy Generation, edited by 
Martin F. Hohmann-Marriott, from Norway. 
Twenty-four chapters, 483 pp, hardcover 
ISBN 978-94-017-8741-3, eBook ISBN 978-
94-017-8742-0 [http://www.springer.com/
life+sciences/book/978-94-017-8741-3]

• Volume 38 (2014) – Microbial Bioenergy: 
Hydrogen Production, edited by Davide 
Zannoni and Roberto De Philippis, from Italy. 
Eighteen chapters, 366 pp, hardcover ISBN 
978-94-017-8553-2, eBook ISBN 978- 94- 
017-8554-9 [http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-017-8553-2]

• Volume 37 (2014) – Photosynthesis in 
Bryophytes and Early Land Plants, edited 
by David T. Hanson and Steven K. Rice, from 
the USA. Eighteen chapters, approx. 342 pp, 
hardcover ISBN 978-94-007-6987-8, eBook 
ISBN 978-94-007-6988-5 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-94-007-6987-8]

• Volume 36 (2013) – Plastid Development in 
Leaves During Growth and Senescence, 
edited by Basanti Biswal, Karin Krupinska, 
and Udaya Biswal, from India and Germany. 
Twenty-eight chapters, 837 pp, hardcover 
ISBN 978-94-007-5723-33, eBook ISBN 
978-94-007-5724-0 [http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-007-5723-3]

• Volume 35 (2012) – Genomics of 
Chloroplasts and Mitochondria, edited by 
Ralph Bock and Volker Knoop, from Germany. 
Nineteen chapters, 475 pp, hardcover ISBN 
978-94-007-2919-3, eBook ISBN 978-94-
007-2920-9 [http://www.springer.com/

l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-007-2919-3]

• Volume 34 (2012) – Photosynthesis: Plastid 
Biology, Energy Conversion, and Carbon 
Assimilation, edited by Julian Eaton-Rye, 
Baishnab C. Tripathy, and Thomas D. Sharkey, 
from New Zealand, India, and the USA. Thirty-
three chapters, 854 pp, hardcover ISBN 978-
94-007-1578-3, eBook ISBN 
978-94-007-1579-0 [http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-94-007-1578-3]

• Volume 33 (2012) – Functional Genomics 
and Evolution of Photosynthetic Systems, 
edited by Robert L. Burnap and Willem 
F.J. Vermaas, from the USA. Fifteen chapters, 
428 pp, hardcover ISBN 978-94-007-1532-5, 
softcover ISBN 978-94-007-3832-4, eBook 
ISBN 978-94-007-1533-2 [http://www.
s p r i n g e r . c o m / l i f e + s c i e n c e s /
book/978-94-007-1532-5]

• Volume 32 (2011) – C4 Photosynthesis and 
Related CO2 Concentrating Mechanisms, 
edited by Agepati S. Raghavendra and Rowan 
Sage, from India and Canada. Nineteen chap-
ters, 425 pp, hardcover ISBN 978-90-481-
9406-3, softcover ISBN 978-94-007-3381-7, 
eBook ISBN 978-90-481-9407-0 [http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-90-481-9406-3]

• Volume 31 (2010) – The Chloroplast: Basics 
and Applications, edited by Constantin 
Rebeiz (USA), Christoph Benning (USA), 
Hans J. Bohnert (USA), Henry Daniell (USA), 
J. Kenneth Hoober (USA), Hartmut 
K. Lichtenthaler (Germany), Archie R. Portis 
(USA), and Baishnab C. Tripathy (India). 
Twenty-five chapters, 451 pp, hardcover ISBN 
978-90-481-8530-6, softcover ISBN 978-94-
007-3287-2, eBook ISBN 978-90-481-8531-3 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-8530-6]

• Volume 30 (2009) – Lipids in Photosynthesis: 
Essential and Regulatory Functions, edited 
by Hajime Wada and Norio Murata, both from 
Japan. Twenty chapters, 506 pp, hardcover 
ISBN 978-90-481-2862-4, softcover ISBN 978-
94-007-3073-1, eBook ISBN 978-90-481-
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2863-1 [http://www.springer.com/life+sciences/
plant+sciences/book/978-90-481-2862-4]

• Volume 29 (2009) – Photosynthesis In 
Silico: Understanding Complexity from 
Molecules, edited by Agu Laisk, Ladislav 
Nedbal, and Govindjee, from Estonia, the 
Czech Republic, and the USA. Twenty chap-
ters, 525 pp, hardcover ISBN 978-1-4020-
9236-7, softcover ISBN 978-94-007-1533-2, 
eBook ISBN 978-1-4020-9237-4 [http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-1-4020-9236-7]

• Volume 28 (2009) – The Purple Phototrophic 
Bacteria, edited by C. Neil Hunter, Fevzi 
Daldal, Marion C. Thurnauer, and J. Thomas 
Beatty, from the UK, the USA, and Canada. 
Forty-eight chapters, 1053 pp, hardcover ISBN 
978-1-4020-8814-8, eBook ISBN 978-1-4020-
8815-5 [http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-8814-8]

• Volume 27 (2008) – Sulfur Metabolism in 
Phototrophic Organisms, edited by Christiane 
Dahl, Rüdiger Hell, David Knaff, and Thomas 
Leustek, from Germany and the USA. Twenty-
four chapters, 551 pp, hardcover ISBN 978-
4020-6862-1, softcover ISBN 978-90-481- 
7742-4, eBook ISBN 978-1-4020-6863-8 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-6862-1]

• Volume 26 (2008) – Biophysical Techniques 
in Photosynthesis, Volume II, edited by Thijs 
Aartsma and Jörg Matysik, both from the 
Netherlands. Twenty-four chapters, 548 pp, 
hardcover ISBN 978-1-4020-8249-8, soft-
cover ISBN 978-90-481-7820-9, eBook ISBN 
978-1-4020-8250-4 [http://www.springer.
com/life+sciences/plant+sciences/book/ 
978-1-4020-8249-8]

• Volume 25 (2006) – Chlorophylls and 
Bacteriochlorophylls: Biochemistry, 
Biophysics, Functions, and Applications, 
edited by Bernhard Grimm, Robert J. Porra, 
Wolfhart Rüdiger, and Hugo Scheer, from 
Germany and Australia. Thirty-seven chapters, 
603 pp, hardcover, ISBN 978-1-40204515-8, 
softcover ISBN 978-90-481-7140-8, eBook 
ISBN 978-1-4020-4516-5 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-1-4020-4515-8]

• Volume 24 (2006) – Photosystem I: The 
Light-Driven Plastocyanin (Ferredoxin 
Oxidoreductase), edited by John H. Golbeck, 
from the USA. Forty chapters, 716 pp, hard-
cover ISBN 978-1-40204255-3, softcover 
ISBN 978-90-481-7088-3, eBook ISBN 978-
1-4020-4256-0 [http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-1-4020-4255-3]

• Volume 23 (2006) – The Structure and 
Function of Plastids, edited by Robert 
R. Wise and J. Kenneth Hoober, from the 
USA. Twenty-seven chapters, 575 pp, soft-
cover ISBN 978-1-4020-6570-5 and 978-1-
4020-6570–6, hardcover ISBN 
978-1-4020-4060-3, eBook ISBN 978-1-
4020-4061-0 [http://www.springer.com/
l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-1-4020-4060-3]

• Volume 22 (2005) – Photosystem II: The 
Light-Driven Water: Plastoquinone 
Oxidoreductase, edited by Thomas 
J. Wydrzynski and Kimiyuki Satoh, from 
Australia and Japan. Thirty-four chapters, 786 
pp, hardcover ISBN 978-1-4020-4249-2, 
eBook ISBN 978-1-4020-4254-6 [http://
www.springer.com/us/book/9781402042492]

• Volume 21 (2005) – Photoprotection, 
Photoinhibition, Gene Regulation, and 
Environment, edited by Barbara Demmig-
Adams, William W. Adams III, and Autar 
K. Mattoo, from the USA. Twenty-one chap-
ters, 380 pp, hardcover ISBN 978-14020-
3564-7, softcover ISBN 978-1-4020-9281-7, 
eBook ISBN 978-1-4020-3579-1 [http://
www.springer.com/us/book/9781402035647]

• Volume 20 (2006) – Discoveries in 
Photosynthesis, edited by Govindjee, 
J. Thomas Beatty, Howard Gest, and John 
F. Allen, from the USA, Canada, and the 
UK. One hundred and eleven chapters, 1304 
pp, hardcover ISBN 978-1-4020-3323-0, 
eBook ISBN 978-1-4020-3324-7 [http://
www.springer.com/life+sciences/plant+ 
sciences/book/978-1-4020-3323-0]

• Volume 19 (2004) – Chlorophyll a 
Fluorescence: A Signature of Photosynthesis, 
edited by George C. Papageorgiou and 
Govindjee, from Greece and the USA. Thirty-
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one chapters, 820 pp, hardcover ISBN 978-1-
4020-3217-2, softcover ISBN 
978-90-481-3882-1, eBook ISBN 978-1- 
4020-3218-9 [http://www.springer.com/life+ 
sciences/biochemistry+%26+biophysics/
book/978-1-4020-3217-2]

• Volume 18 (2005) – Plant Respiration: 
From Cell to Ecosystem, edited by Hans 
Lambers and Miquel Ribas-Carbo, from 
Australia and Spain. Thirteen chapters, 250 
pp, hardcover ISBN978-14020-3588-3, soft-
cover ISBN 978-90-481-6903-0, eBook ISBN 
978-1-4020-3589-0 [http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-1-4020-3588-3]

• Volume 17 (2004) – Plant Mitochondria: 
From Genome to Function, edited by David 
Day, A. Harvey Millar, and James Whelan, 
from Australia. Fourteen chapters, 325 pp, 
hardcover ISBN 978-1-4020-2399-6, soft-
cover ISBN 978-90-481-6651-0, eBook ISBN 
978-1-4020-2400-9 [http://www.springer.
com/life+sciences/cell+biology/book/978- 
1-4020-2399-6]

• Volume 16 (2004) – Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Respiratory Systems, edited by Davide Zannoni, 
from Italy. Thirteen chapters, 310 pp, hardcover 
ISBN 978-14020-2002-5, softcover ISBN 978-
90-481-6571-1, eBook ISBN 978-1-4020-3163-2 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-1-4020-2002-5]

• Volume 15 (2004) – Respiration in Archaea 
and Bacteria: Diversity of Prokaryotic 
Electron Transport Carriers, edited by 
Davide Zannoni, from Italy. Thirteen chapters, 
350 pp, hardcover ISBN 978-1-4020-2001-8, 
softcover ISBN 978-90-481-6570-4 (no eBook 
at this time) [http://www.springer.com/life+ 
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book/978-1-4020-2001-8]
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and John A. Raven, from Australia, Canada, and 
the UK. Nineteen chapters, 500 pp, hardcover 
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94-010-3772-3, eBook ISBN 978-94-007-

1038-2 [http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-6333-0]

• Volume 13 (2003) – Light-Harvesting 
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Beverley R. Green and William W. Parson, 
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ters, 544 pp, hardcover ISBN 978-07923-
6335-4, softcover ISBN 978-90-481-5468-5, 
eBook ISBN 978-94-017-2087-8 [http://
w w w. s p r i n g e r . c o m / l i f e + s c i e n c e s /
plant+sciences/book/978-0-7923-6335-4]
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644 pp, hardcover ISBN 978-07923-6143-5, 
softcover ISBN 978-90-481-5386-2, eBook 
ISBN 978-0-306-48137-6 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-6143-5]

From the Series Editors



x

• Volume 8 (1999) – The Photochemistry of 
Carotenoids, edited by Harry A. Frank, 
Andrew J. Young, George Britton, and Richard 
J. Cogdell, from the USA and the UK. Twenty 
chapters, 420 pp, hardcover ISBN 978-0-
7923-5942-5, softcover ISBN 978-90-481-
5310-7, eBook ISBN 978-0-306-48209-0 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-5942-5]

• Volume 7 (1998) – The Molecular Biology 
of Chloroplasts and Mitochondria in 
Chlamydomonas, edited by Jean David 
Rochaix, Michel Goldschmidt-Clermont, and 
Sabeeha Merchant, from Switzerland and the 
USA. Thirty-six chapters, 760 pp, hardcover 
ISBN 978-0-7923-5174-0, softcover ISBN 
978-94-017-4187-3, eBook ISBN 978-0- 
306-48204-5 [http://www.springer.com/life+ 
sc iences /p lant+sc iences /book/978-0- 
7923-5174-0]

• Volume 6 (1998) – Lipids in Photosynthesis: 
Structure, Function, and Genetics, edited 
by Paul-André Siegenthaler and Norio Murata, 
from Switzerland and Japan. Fifteen chapters, 
332 pp, hardcover ISBN 978-0-7923-5173-3, 
softcover ISBN 978-90-481-5068-7, eBook 
ISBN 978-0-306-48087-4 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-5173-3]

• Volume 5 (1997) – Photosynthesis and the 
Environment, edited by Neil R. Baker, from the 
UK. Twenty chapters, 508 pp, hardcover ISBN 
978-07923-4316-5, softcover ISBN 978-90-
481-4768-7, eBook ISBN 978-0-306-48135-2 
[http://www.springer.com/life+sciences/
plant+sciences/book/978-0-7923-4316-5]

• Volume 4 (1996) – Oxygenic Photosynthesis: 
The Light Reactions, edited by Donald 
R. Ort and Charles F. Yocum, from the 
USA. Thirty-four chapters, 696 pp, hardcover 
ISBN 978-0-7923-3683-9, softcover ISBN 
978-0-7923- 3684–6, eBook ISBN 978-0-
306-48127-7 [http://www.springer.com/life+ 
sc iences /p lant+sc iences /book/978-0- 
7923-3683-9]

• Volume 3 (1996) – Biophysical Techniques in 
Photosynthesis, edited by Jan Amesz and Arnold 
J. Hoff, from the Netherlands. Twenty-four chap-

ters, 426 pp, hardcover ISBN 978-0-7923-3642-
6, softcover ISBN 978-90-481-4596-6, eBook 
ISBN 978-0-306-47960-1 [http://www.springer.
c o m / l i f e + s c i e n c e s / p l a n t + s c i e n c e s /
book/978-0-7923-3642-6]

• Volume 2 (1995) – Anoxygenic 
Photosynthetic Bacteria, edited by Robert 
E. Blankenship, Michael T. Madigan, and Carl 
E. Bauer, from the USA. Sixty-two chapters, 
1331 pp, hardcover ISBN 978-0-7923-3682-
8, softcover ISBN 978-0-7923-3682-2, eBook 
ISBN 978-0-306-47954-0 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3681-5]

• Volume 1 (1994) – The Molecular Biology of 
Cyanobacteria, edited by Donald R. Bryant, 
from the USA. Twenty-eight chapters, 916 
pp, hardcover ISBN 978-0-7923-3222-0, 
softcover ISBN 978-0-7923-3273-2, eBook 
ISBN 978-94-011-0227-8 [http://www.
springer.com/life+sciences/plant+sciences/
book/978-0-7923-3222-0]

Further information on these books and 
ordering instructions is available at http://
www. springer.com/series/5599. Contents of 
Volumes 1–31 can also be found at <http://
www.life.uiuc.edu/govindjee/photosyn-
Series/ttocs.html>. (For Volumes 33–35, PDF 
files of the entire front matter are available.)

Special 25% discounts are available to 
members of the International Society of 
Photosynthesis Research (ISPR, http://www.
photosynthesisresearch.org/). See http://
www.springer.com/ispr.

 Future Advances in Photosynthesis 
and Respiration and Other 
Related Books

The readers of the current series are encour-
aged to watch for the publication of the 
forthcoming books (not necessarily arranged 
in the order of future appearance):

• Photosynthesis and Climate Change (working 
title) (editors: Joy K. Ward, Danielle A. Way, and 
Katie M. Becklin)
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• Cyanobacteria (editor: Donald Bryant)
• Leaf Photosynthesis (editors: William 

W. Adams III and Ichiro Terashima)
• Photosynthesis in Algae (editors: Anthony 

Larkum and Arthur Grossman)
• Our Photosynthetic Planet (editors: Mike 

Behrenfeld, Joe Berry, Lianhong Gu, Nancy 
Jiang, Anastasia Romanou, and Anthony 
Walker)

• Modeling Photosynthesis and Growth (edi-
tors: Xin-Guang Zhu and Thomas D. Sharkey)

In addition to the above books, the fol-
lowing topics are under consideration:
Algae, Cyanobacteria: Biofuel and Bioenergy
Artificial Photosynthesis
ATP Synthase: Structure and Function
Bacterial Respiration
Evolution of Photosynthesis
Green Bacteria and Heliobacteria
Interactions Between Photosynthesis and Other 
Metabolic Processes
Limits of Photosynthesis: Where Do We Go from 
Here?
Photosynthesis, Biomass, and Bioenergy
Photosynthesis Under Abiotic and Biotic Stress

If you have any interest in editing/coedit-
ing any of the above-listed books or being an 
author, please send an e-mail to Tom Sharkey 
(tsharkey@msu.edu) and/or to Govindjee 
(gov@illinois.edu). In addition, Julian 
Eaton-Rye will soon be coming on board as 
our co-series editor. Thus, we recommend 
that you contact him at julian.eaton-rye @
otago.ac.nz. Suggestions for additional top-
ics are also welcome. Instructions for writing 
chapters in books in our series are available 
by sending e-mail requests to any of us; they 
may also be downloaded from Govindjee’s 
web site http://www.life.illinois.edu/govind-
jee as the first item under “Announcements” 
on the main page.

We would like to note that bibliographic 
tools are expanding to cover chapters in 
books making it easier to document the 

importance of research in terms that can be 
understood by promotion committees and 
administrators. We believe that chapters in 
edited volumes remain an important part of 
scientific understanding. An author can be 
more expansive in a chapter and can present 
information in a complete manner that 
makes it easier for readers to understand 
nuances. Thus, our book series serves an 
important educational goal for all 
concerned.

We take this opportunity to thank and 
congratulate Guillaume Tcherkez and Jaleh 
Ghashghaie for their outstanding editorial 
work in this volume; they have indeed done 
a fantastic job, not only in editing but also in 
organizing this book for all of us and for 
their highly professional dealing with the 
reviewing process. We thank all the 40 
authors of this book (see the list given 
above); without their authoritative chapters, 
there would be no such volume. We give 
special thanks to Mrs. Rathika Ramkumar of 
SPi Global, India, for directing the typeset-
ting of this book; her expertise has been cru-
cial in bringing this book to completion. We 
owe Jacco Flipsen and Ineke Ravesloot (of 
Springer) thanks for their friendly working 
relation with us that led to the production of 
this book.

August 5, 2017 Thomas D. Sharkey
Department of Biochemistry  

and Molecular Biology
Michigan State University

East Lansing, MI, 48824, USA
tsharkey@msu.edu

Govindjee
Department of Plant Biology
Department of Biochemistry

Center of Biophysics and Quantitative 
Biology

University of Illinois at Urbana-Champaign
Urbana, IL 61801, USA

gov@illinois.edu
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A 2017 informal photograph of Govindjee (right) and his wife Rajni (left) in a suburb of Chicago, Illinois, 2017. 
Photo by Ashwani Kumar, visiting from Jaipur, India

Govindjee who uses one name only, was 
born on October 24, 1932, in Allahabad, 
India. Since 1999, he has been professor 
emeritus of biochemistry, biophysics, and 
plant biology at the University of Illinois 
at Urbana-Champaign (UIUC), Urbana, 
IL, USA, after serving on the faculty there 
for 40 years. He obtained his BSc (chemis-
try, botany, and zoology) and MSc (botany, 
plant physiology) in 1952 and 1954 from the 
University of Allahabad. He learned his plant 
physiology from Shri Ranjan, who was a stu-
dent of Felix Frost Blackman (of Cambridge, 
UK). Then, Govindjee studied photosynthe-
sis at the UIUC, under two giants in the field, 
Robert Emerson (a student of Otto Warburg) 

and Eugene Rabinowitch (who had worked 
with James Franck), obtaining his PhD, in 
biophysics, in 1960.

Govindjee is best known for his research 
on excitation energy transfer, light emission 
(prompt and delayed fluorescence and ther-
moluminescence), primary photochemistry, 
and electron transfer in photosystem II (PS 
II, water-plastoquinone oxidoreductase). His 
research, with many others, includes the dis-
covery of a short-wavelength form of chlo-
rophyll (Chl) a functioning in PS II, of the 
two-light effect in Chl a fluorescence, and, 
with his wife Rajni Govindjee, of the two-
light effect (Emerson enhancement) in 
NADP+ reduction in chloroplasts. His major 
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achievements, together with several others, 
include an understanding of the basic rela-
tionship between Chl a fluorescence and 
photosynthetic reactions; a unique role of 
bicarbonate/carbonate on the electron accep-
tor side of PS II, particularly in the proton-
ation events involving the QB binding region; 
the theory of thermoluminescence in plants; 
the first picosecond measurements on the 
primary photochemistry of PS II; and the use 
of fluorescence lifetime imaging microscopy 
(FLIM) of Chl a fluorescence in understand-
ing photoprotection by plants against excess 
light. His current focus is on the history of 
photosynthesis research and in photosynthe-
sis education.

Govindjee’s honors include fellow of the 
American Association for the Advancement 
of Science (AAAS); distinguished lecturer of 
the School of Life Sciences, UIUC; fellow 
and lifetime member of the National Academy 
of Sciences (India); president of the American 
Society for Photobiology (1980–1981); 
Fulbright scholar (1956), Fulbright senior 
lecturer (1997), and Fulbright specialist 
(2012); honorary president of the 2004 
International Photosynthesis Congress 
(Montreal, Canada); the first recipient of the 
Lifetime Achievement Award of the Rebeiz 
Foundation for Basic Biology (2006); recipi-
ent of the Communication Award of the 
International Society of Photosynthesis 
Research (2007); and the Liberal Arts and 
Sciences Lifetime Achievement Award of the 
UIUC (2008). Further, Govindjee has been 
honored many times: (1) in 2007, through 2 
special volumes of Photosynthesis Research, 
celebrating his 75th birthday and for his 
50-year dedicated research in photosynthesis 
(guest editor: Julian Eaton-Rye); (2) in 2008, 
through a special International Symposium 
on “Photosynthesis in a Global Perspective,” 
held in November 2008, at the University of 
Indore, India (this was followed by a book 
Photosynthesis: Basics and Applications 
(edited by S. Itoh, P. Mohanty, and 
K.N. Guruprad)); (3) in 2012, through 

Photosynthesis: Plastid Biology, Energy 
Conversion, and Carbon Assimilation, edited 
by Julian Eaton-Rye, Baishnab C. Tripathy, 
and one of us (TDS); (4) in 2013, through 
special issues of Photosynthesis Research 
(Volumes 117 and 118), edited by Suleyman 
Allakhverdiev, Gerald Edwards, and Jian-
Ren Shen celebrating his 80th (or rather 81st) 
birthday; (5) in 2014, through celebration of 
his 81st birthday in Třeboň, the Czech 
Republic (O. Prasil [2014] Photosynth Res 
122: 113–119); (6) in 2016, through the pres-
tigious Prof. B.M. Johri Memorial Award of 
the Society of Plant Research, India; (7) in 
2017, he was one of the three scientists, hon-
ored at the 8th International Conference on 
Photosynthesis and Sustainability, held at the 
University of Hyderabad; and (8) again in 
2017, a 2-day Symposium on Photosynthesis 
was held in his honor at M.S. University, 
Udaipur, India, celebrating his 85th birthday. 
Currently, Photosynthetica is planning to 
publish, in 2018, a special issue to celebrate 
his 85th birthday (editor: Julian Eaton-Rye, 
member of the advisory board of this series).

Govindjee’s unique teaching of the 
Z-scheme of photosynthesis, where students 
act as different intermediates, has been pub-
lished in two papers: (1) P.K. Mohapatra and 
N.R. Singh [2015] Photosynth Res 123:105–
114 and (2) S. Jaiswal, M. Bansal, S. Roy, 
A. Bharati, and B. Padhi [2017] Photosynth 
Res 131: 351–359. Govindjee is a coauthor 
of a classic and highly popular book 
Photosynthesis (with E.I. Rabinowitch, 
1969) and of a historical book Maximum 
Quantum Yield of Photosynthesis: Otto 
Warburg and the Midwest Gang (with 
K. Nickelsen, 2011). He is editor (or coedi-
tor) of many books including Bioenegetics of 
Photosynthesis (1975); Photosynthesis, 2 
volumes (1982); Light Emission by Plants 
and Bacteria (1986); Chlorophyll a 
Fluorescence: A Signature of Photosynthesis 
(2004); Discoveries in Photosynthesis 
(2005); and Non-photochemical Quenching 
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and Energy Dissipation in Plants, Algae and 
Cyanobacteria (2015).

Since 2007, each year a Govindjee and 
Rajni Govindjee Award is given to gradu-
ate students, by the Department of Plant 
Biology (odd years) and by the Department 

of Biochemistry (even years), at the UIUC, 
to recognize excellence in biological sci-
ences. For further information on Govindjee, 
see his web site at http://www.life.illinois.
edu/govindjee.
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Thomas (Tom) D. Sharkey obtained his 
bachelor’s degree in biology in 1974 from 
Lyman Briggs College, a residential sci-
ence college at Michigan State University, 
East Lansing, Michigan, USA. After 
2 years as a research technician, Tom 
entered a PhD program in the Department 
of Energy Plant Research Laboratory at 
Michigan State University under the men-
torship of Klaus Raschke and finished in 
1979. Postdoctoral research was carried 
out with Graham Farquhar at the Australian 
National University, in Canberra, where 
he coauthored a landmark review on pho-
tosynthesis and stomatal conductance. For 
5 years, he worked at the Desert Research 
Institute, Reno, Nevada. After Reno, Tom 
spent 20 years as professor of botany at 
the University of Wisconsin in Madison. 
In 2008, Tom became professor and chair 
of the Department of Biochemistry and 
Molecular Biology at Michigan State 
University. In 2017, Tom stepped down as 
department chair and moved to the MSU-
DOE Plant Research Laboratory completing 

a 38-year sojourn back to his beginnings. 
Tom’s research interests center on the 
exchange of gases between plants and the 
atmosphere and carbon metabolism of pho-
tosynthesis. The biochemistry and biophys-
ics underlying carbon dioxide uptake and 
isoprene emission from plants form the 
two major research topics in his laboratory. 
Among his contributions are measurement 
of the carbon dioxide concentration inside 
leaves, an exhaustive study of short-term 
feedback effects in carbon metabolism, and 
a significant contribution to elucidation of 
the pathway by which leaf starch breaks 
down at night. In the isoprene research field, 
his laboratory has cloned many of the genes 
that underlie isoprene synthesis, and he has 
published many important papers on the 
biochemical regulation of isoprene synthe-
sis. Tom’s work has been cited over 26,000 
times according to Google Scholar in 2017. 
He has been named an outstanding faculty 
member by Michigan State University, 
and in 2015, he was named a university 
distinguished professor. He is a fellow of 

A 2017 photograph of Thomas D. Sharkey in his office at Michigan State University. Photo by Sean E. Weise

Series Editors



xvii

the American Society of Plant Biologists 
and of the American Association for the 
Advancement of Science. Tom has coed-
ited three books, the first on trace gas emis-
sions from plants in 1991 (with Elizabeth 
Holland and Hal Mooney), Volume 9 of this 
series (with Richard Leegood and Susanne 
von Caemmerer) on the Physiology of 

Carbon Metabolism of Photosynthesis in 
2000, and Volume 34 (with Julian Eaton-
Rye and Baishnab C. Tripathy) entitled 
Photosynthesis: Plastid Biology, Energy 
Conversion, and Carbon Assimilation. Tom 
has been co-series editor of this series since 
Volume 31.
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Although respiration represents a minor car-
bon flux as compared to photosynthesis and 
photorespiration at the leaf level, it is one of 
the major components of the carbon balance 
at different scales. This book is dedicated to 
current knowledge on respiratory metabo-
lism in plants. Several aspects have been 
reviewed, from enzymatic/energetic control 
and metabolic fluxes to impacts on respira-
tory CO2 release at the forest and global 
scale.

In leaf gas exchange, respiration has long 
been viewed as a simple phenomenon that 
can be modeled as an invariant CO2 efflux. 
However, this representation is too simplis-
tic, because respiratory metabolism is com-
plicated by multiple enzymatic reactions 
(glycolysis and tricarboxylic acid (TCA) 
cycle), alternative pathways, as well as ancil-
lary pathways such as the pentose phosphate 
pathway. In addition, anaplerotic carbon fix-
ation occurs by the enzyme phosphoenol-
pyruvate carboxylase (PEPC) for TCA 
pathway replenishment (anaplerotic path-
way). Metabolic pathways associated with 
biosynthesis of amino acids and carbon and 
nitrogen metabolism are tightly intercon-
nected through respiration. Plant respiratory 
regulation thus relies on a complex meta-
bolic network depending on species/tissues 
and environmental conditions. Crossroads 
between carbon, nitrogen, and sulfur metab-
olism through interactions between day res-
piration and photorespiration are reviewed 
in Chap. 1. Energetic aspects of plant respi-
ration are covered in Chap. 2 and further 
combined to flux assessment and other path-
ways (such as pentose phosphates) with 13C 
natural abundance in Chap. 3.

Technological advances have contributed 
considerably to improving our knowledge of 
plant respiratory metabolism and regulation 

during the past decade, and they are also dis-
cussed through the corresponding chapters: 
FACE (free-air CO2 enrichment) experimen-
tal systems to investigate respiratory response 
to elevated CO2 (Chap. 4); new methods to 
measure and model stem respiration (Chap. 5 
and also Chap. 9); emerging global datasets, 
which provide opportunities to improve 
parameterization of leaf respiration in large-
scale models (Chap. 6); high time-resolution 
isoflux measurements with tunable diode 
laser (TDL) to study day respiration near the 
light and CO2 compensation points (Chap. 
7); and dynamic 13C labeling associated with 
compartmental modeling to characterize the 
substrate supply system of respiration, 
including estimations of size and turnover of 
kinetically distinct pools (Chap. 8).

As will appear in this volume, respiratory 
metabolic fluxes should be viewed as essen-
tial for the response of plants to environmen-
tal constraints, in a range of developmental 
situations. This is typically the case in the 
adaptive response of plants to low-oxygen 
stress, which is associated with a consider-
able orchestration of both carbon and nitro-
gen metabolism (Chap. 10). In CAM plants, 
respiration is an important actor of the diur-
nal carbon budget, because it is directly 
linked to organic acid metabolism and CO2 
refixation (Chap. 11). During germination, 
respiration has also a key role in generating 
intermediates partitioned between catabo-
lism and biosyntheses, from remobilized 
reserves, and this is extensively discussed 
using recent results of nonstationary 13C 
labeling in Chap. 12.

The mechanisms of metabolic control are 
still incompletely understood, but in the past 
years, considerable advances have been 
made in the examination of protein phos-
phorylation and other posttranslational mod-
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ifications involved in enzyme activity 
regulation. Chapter 13 gives an extensive 
overview of this aspect, which is also dis-
cussed in Chap. 1 (focused on day 
respiration).

The final chapter (Chap. 14) illustrates 
recent findings on the metabolic interactions 
between the TCA pathway and other path-
ways, so as to establish a list of key actors of 
regulation that should be considered in future 
investigations.

Despite these tremendous technological 
and scientific advances in understanding 
respiratory metabolism and its regulation 
during the past decade, some key questions 
are still unanswered. One of the most endur-
ing mysteries is to find means to model plant 
leaf respiration, that is, most important fac-
tors that determine the rate of CO2 efflux. 
Intense efforts have been devoted to show 
that leaf respiration changes with gaseous 
conditions, temperature, or nutrient avail-
ability, but we still do not know how to for-
mally produce an equation that would yield 

the CO2 production rate by respiration. In the 
preface of his book Plant Respiration 
(Oxford Press 1953), W.O. James used the 
term “chameleon” to describe respiration, 
because its meaning is rather vague and 
adapts itself to the context (enzymatic, gas 
exchange, etc.). Further, James mentions 
that the “obvious exchange of gases is only 
the most superficial aspect of respiration.” 
Sixty-five years later, this observation 
remains correct. In effect, the CO2 efflux is 
the result of a complicated, regulated series 
of metabolic steps, and thus the specific ori-
gin of carbon atoms found in respiration is 
still viewed as a jigsaw puzzle. With no 
doubt, this book will shed some light on 
these aspects and will open perspectives for 
future research.

 Jaleh Ghashghaie
 

 Guillaume Tcherkez 
 

Orsay, France

Canberra, Australia
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CAM Crassulacean acid metabolism
cc CO2 mole fraction at the carboxylation sites (chloroplasts)
CDPK Ca2+-dependent protein kinase
ci Leaf intercellular CO2 mole fraction
Cit Citrate
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GS/GOGAT Glutamine synthetase/glutamine-2-oxoglutarate aminotransferase
gt Total conductance to CO2 (mol m−2 s−1)
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IMM Inner mitochondrial membrane
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IPCC Intergovernmental Panel on Climate Change
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LAI Leaf area index
LC-MS Liquid chromatography-mass spectrometry
LDH NAD-dependent lactate dehydrogenase (EC 1.1.1. 27)
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Mal Malate
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mETC Mitochondrial electron transport chain
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MetHbR Methemoglobin reductase (EC 1.6.99.1)
MFA Metabolic flux analysis
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ppm Parts per million
PPP Pentose phosphate pathway
PTM Posttranslational modification
PTPC Plant-type phosphoenolpyruvate carboxylase
Pyr Pyruvate
Q10 The change in a process rate after a 10 °C change in tissue 

temperature
QSM Quantitative structural model
R Heavy-to-light isotope ratio (Chap. 3),
R Respiration rate (Chap. 6)
RCP Representative concentration pathway
Reco Total ecosystem respiration (respiratory CO2 efflux)
Rd Leaf respiration rate in the light
Rh Leaf respiration rate in the light due to the utilization of a photosyn-

thetically disconnected pool (heterotrophic cells)
ROS Reactive oxygen species
RQ Respiratory quotient (ratio of CO2 evolved/O2 consumed during 
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Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase (EC 4.1.1.39)
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t Time
TCA cycle Tricarboxylic acid cycle (Krebs cycle)
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TOR Target of rapamycin
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UDPG UDP glucose
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2

Summary

Respiration of illuminated leaves (day respiration) represents a minor carbon flux as compared 
to photosynthesis and photorespiration under usual gaseous conditions. However, it is crucial 
for leaf primary metabolism, since it sustains N assimilation and provides ATP that can be used 
for sucrose synthesis in the light. Although available data on interactions between photosynthe-
sis, photorespiration, respiration, and nutrient assimilation are still rather limited, recent works 
taking advantage of isotopic labeling and metabolomics suggest that changes in photosynthetic 
and photorespiratory conditions (or the carboxylation-to-oxygenation ratio, vc/vo) influence N 
assimilation, S incorporation into methionine, and possibly, displace the equilibrium between 
C1-metabolites. The crossroad of all of these pathways is mitochondrial metabolism. Therefore, 
day respiration is probably of considerable importance not only for nutrient assimilation but also 
for cellular metabolic coordination. This view agrees with data obtained in respiratory mutants.

I.  Introduction

It is now widely accepted that total plant CO2 
assimilation alone by photosynthesis is not a 
sufficient base to predict growth and thus, 
respiration, nitrate and sulfate assimilation, 
amino acid synthesis and other processes 
must also be considered. Neglecting these 
may underestimate the yield from a given 
amount of CO2 assimilated by up to 30% 
(Penning De Vries 1975). Improvement of 
crop yield potential requires identification of 
specific parts of metabolism that must be 
manipulated to optimize efficiency. When 
nutrient supply is such that existing yield 
potential is reached, the only way to increase 
production is to improve the efficiency by 
which nutrients are used in metabolism 
(Lawlor 2002). Metabolism may be manipu-
lated either to achieve more carbon assimila-
tion (per unit of nitrogen) or to increase the 
capacity of nutrient use. Simultaneous 
increase in both is desirable so as to maintain 
an appropriate C/N/S ratio in plant organic 
matter. Therefore, understanding of basic 
processes of C, N, and S assimilation, and 
how they relate to plant biomass, is believed 
to be of fundamental importance. Leaf respi-
ration plays a key role in this relationship 
(Fig. 1.1). However, although many recent 
studies on the effect of respiration on carbon 
balance, respiration potential in plant func-
tional groups, etc., have been published, criti-
cal information needed to model and predict 

the carbon flux in respiration are missing. 
Decades ago, leaf respiration has been sug-
gested to be stimulated by other metabolic 
pathways such as nitrogen assimilation and 
photosynthate content (e.g. pioneering works 
described in Moyse 1950). However, tangi-
ble advances on relationships between leaf 
respiration and other processes in the dark 
and in the light are relatively recent.

In practice, leaf respiration is usually 
defined as the rate of non-photorespiratory 
CO2 evolution, expressed on a surface area 
basis (this definition prevails in the gas-
exchange literature). This definition is 
somewhat problematic (at least, from a 
metabolic perspective) because it encom-
passes distinct metabolic pathways such as 
the tricarboxylic acid (TCA) pathway, the 
oxidative pentose phosphate pathway, and 
all other non-photorespiratory decarboxyl-
ation reactions (e.g. malic enzyme activity, 
formate degradation, etc.). Alternatively, 
leaf respiration could be defined as the non-
photorespiratory oxygen (O2) consumption. 
Again, this definition is problematic 
because it encompasses many sorts of 
things, such as re-oxidation of NADH from 
photorespiratory glycine oxidation or from 
excess reductive power exported by the 
chloroplast. Thus, maybe the proper defini-
tion of “respiration” adopted here will be 
the central catabolic pathway involving 
glycolysis and the TCA pathway. The term 
“day respiration” (as opposed to “dark 
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 respiration”) will be used to define respira-
tory metabolism occurring in the light. In 
fact, in this chapter, we will attempt to pro-
vide a synthetic view of relationships 
between respiration and other pathways in 
the illuminated leaf. Two key questions will 
be addressed here: is day respiration influ-
enced by photosynthesis and photorespira-
tion? How is day respiration coordinated 
with N and S metabolism (under different 
photorespiratory conditions)?

II. The Inhibition of Leaf Respiration 
by Light

The first (and probably most famous) level 
of interaction between photosynthesis and 
day respiration is the inhibition of day respi-
ratory CO2 efflux as compared to the dark. 
An extensive description of the differences 
between day and night respiratory metabo-
lism has been published recently (Tcherkez 
et al. 2012a). Here, key features are 
summarized.

A. Evidence for the Inhibition 
of Respiratory CO2 Evolution in the Light

The inhibition of respiration in the light has 
been demonstrated by gas exchange using 
both Laisk and Kok methods and this has been 
extensively reviewed in a book chapter in vol-
ume 9 of the same series (Atkin et al. 2000). 
Other methods that use 12C/13C isotopes 
(Pinelli and Loreto 2003), efflux at the com-
pensation point in the absence of day respira-
tion (Atkin et al. 1998), CO2 efflux in a 
CO2-free air (Cornic 1973) or 14C labeling 
(Pärnik and Keerberg 2007) are mostly consis-
tent. That is, CO2 evolution measured in the 
light appears to be lower than that in the dark.

B.  Metabolic Mechanisms: Overview

There is presently little evidence for a diel 
regulation of respiration at the transcription 
level (Rasmusson and Escobar 2007; Florian 
et al. 2014). Some subtle decreases in the 

abundance of TCA enzymes (citrate syn-
thase, aconitase, NADP-dependent isocitrate 
dehydrogenase) were observed in the 
Arabidopsis mitochondrial proteome from 
illuminated shoots compared to shoots in the 
dark (Lee et al. 2010). However, the causes 
of the inhibition are believed to be mostly 
enzymatic (post-translational or biochemi-
cal). It has indeed been shown in the unicel-
lular alga Selenastrum minutum and in 
tobacco (Nicotiana tabacum) that total pyru-
vate kinase activity is lower in the light than 
in the dark (Lin et al. 1989; Scheible et al. 
2000). In addition, the mitochondrial pyru-
vate dehydrogenase complex (PDH) (as 
opposed the chloroplastic complex which is 
not phosphorylatable) is partly inactivated 
by (reversible) phosphorylation in extracts 
from illuminated leaves (Budde and Randall 
1990; Tovar-Mendez et al. 2003). In folio 
13C-labeling have further shown that the 
PDH activity is inhibited by around 30% in 
the light (Tcherkez et al. 2005, 2008). Also, 
enzymes of the TCA pathway are assumed to 
be inhibited in the light because of the high 
mitochondrial NADH/NAD+ (and ATP/
ADP) ratio due to photorespiratory glycine 
decarboxylation (Gardestrom and Wigge 
1988; Hurry et al. 2005). Additionally, it has 
been shown that the mitochondrial isocitrate 
dehydrogenase activity is inhibited by the 
high NAD(P)H/NAD(P)+ ratios that may 
occur in the light (Igamberdiev and 
Gardeström 2003 but see Kasimova et al. 
2006). Physiological experiments have fur-
ther shown that the inhibition of day respira-
tion in the light is associated with a lower 
TCA activity. When detached illuminated 
leaves of French bean (Phaseolus vulgaris) 
were supplied with 13C-1-pyruvate, 13CO2 
was produced in the light, showing the in 
vivo activity of the PDH; however, when 
supplied with 13C-3-pyruvate, the 
13C-labeling in both day-respired CO2 and 
citrate was very modest, showing the weak 
activity of the malic enzyme and enzymes of 
the TCA pathway (Tcherkez et al. 2005). O2-
consumption measurements with isolated 
mitochondria extracted from illuminated 
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spinach leaves (Spinacia oleracea) and sup-
plied with either exogenous malate, succi-
nate or citrate showed that citrate gives the 
lowest respiration rate; in addition, when 
malate was supplied, it was mainly con-
verted to citrate and pyruvate, with less than 
1% of isocitrate or fumarate (Hanning and 
Heldt 1993). Also, using deuterium (2H) 
enrichment and isotopic labeling with either 
13CO2 or 13C-pyruvate in cocklebur 
(Xanthium strumarium), it has been shown 
that the commitment of 13C-atoms to TCA-
associated decarboxylations is very limited 
in illuminated leaves, with citrate synthase 
as a possible limiting step (Tcherkez et al. 
2009).

C. What Is the Fate 
of Mitochondrial Pyruvate?

In the light, the consumption capacity of 
pyruvate molecules by the TCA thus seems 
limited since the mitochondrial PDH is 
inhibited. This raises the question about the 
fate of pyruvate and acetyl-CoA molecules 
in the mitochondrion. Acetyl-CoA is not 
likely to accumulate. Firstly, the PDH is 
retro-inhibited by its product acetyl-CoA 
(Harding et al. 1970; Miernyk et al. 1987; 
Rapp et al. 1987). Second, a significant frac-
tion of acetyl-CoA is directed to fatty acids 
production in the chloroplast (Ohlrogge and 
Jaworski 2003). Accordingly, the mutant 
line of Arabidopsis that produces the anti-
sense RNA of the PDH kinase (thus enhanc-
ing the mitochondrial PDH reaction), 
accumulated 14C-labeled fatty acids when 
14C-Pyr was fed to photosynthetic stems 
(Marillia et al. 2003). Potentially, pyruvate 
can simply accumulate or be consumed by 
major reactions other than PDH-catalyzed 
dehydrogenation: the reverse reaction of 
pyruvate kinase, utilization by pyruvate Pi 
dikinase (both evolving phosphoenolpyru-
vate, PEP), or amination to alanine by ala-
nine aminotransferase. Metabolomic 

measurements in leaves along a day/night 
cycle have indeed shown that the pyruvate 
content is roughly two-fold larger in the 
light (Scheible et al. 2000). Pyruvate has 
also been shown to yield alanine, as shown 
by 13C-labeling (Tcherkez et al. 2005). 
Double isotopic pyruvate tracing using 13C 
and 2H has also shown that pyruvate can 
reform PEP via pyruvate Pi dikinase 
(Tcherkez et al. 2011a). This enzyme has 
further been shown to be more active in the 
light compared to the dark (Chastain et al. 
2002).

The consumption of pyruvate by pyru-
vate kinase along the reverse reaction gen-
erating PEP is highly unlikely considering 
the equilibrium constant of the reaction 
(Tcherkez et al. 2011a). Also, as stated 
above, pyruvate production by pyruvate 
kinase is inhibited in the light, due to the 
regulatory properties of the enzyme. In 
tobacco leaves, the total activity of pyru-
vate kinase has been shown to be lower in 
the light compared to the dark (Scheible 
et al. 2000). The algal enzyme (Selenastrum 
minutum) is inhibited by photosynthetic 
intermediates (e.g. ribulose 1,5-bisphos-
phate) and the cytosolic enzyme is inhibited 
by Pi and glutamate (Lin et al. 1989). 
Furthermore, leaf enzymes are inhibited by 
citrate (Baysdorfer and Bassham 1984). 
Therefore, in the light, pyruvate kinase 
activity is likely down-regulated in the 
chloroplast and the cytoplasm, where it is 
adjusted by the balance between upstream 
and downstream metabolites. Recently, a 
double ‘omics’ analysis (phosphopro-
teomics and metabolomics) in Arabidopsis 
has shown that a concerted phosphorylation 
pattern in PEP carboxylase, PDH and pyru-
vate Pi dikinase occurs, with resulting 
changes in pyruvate, alanine, 
γ-aminobutyrate and citramalate content 
(Abadie et al. 2016b), thereby confirming 
the key role of protein phosphorylation in 
pyruvate metabolism regulation in the light.

Cyril Abadie et al.
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CO2 Photosynthesis triose-P             hexose-P            sucrose

O2 glyoxylate glycine                        CH 2-H4F              serine     

N assimilation NH3

glutamine glutamate

2OG

Photorespiration

NH3
CO2

Respiration

H4F

glycine

CH3-H4F

S assimilation

homocysteinemethionine

SAM, SMM

C1-metabolism

Fig. 1.1. Summary of metabolic interactions involving day respiration, photorespiration, photosynthesis, C1-
metabolism and N and S assimilation in the C3 illuminated leaf

III. Interactions Between Day 
Respiration and Photorespiration

A. Does Day Respiration Vary 
with Photorespiration?

Quite generally, it is assumed that the rate of 
day respiration (denoted as Rd in gas-
exchange) is independent of vc (carboxyl-
ation) or vo (oxygenation). In practice, it is 
very difficult to assess whether this assump-
tion is valid since most methods to measure 
Rd require changes in photosynthesis 
(response curves). The Laisk method, for 
example, requires CO2 response curves and 
thus the carboxylation-to-oxygenation var-
ies. Using the Kok method (light curves), a 
relationship has been found between Rd/Rn 
(light-to-dark respiration ratio) and vo (Griffin 
and Turnbull 2013). The respiratory decar-
boxylation rate (assessed with 14C radiomet-
ric methods) does not appear to respond to 
O2 above 1.5% (Parnik and Keerberg 1995). 
However, measurement using atmospheric 
12C/13C isotope substitution suggests that it 
increases as the CO2 mole fraction decreases 
(Pinelli and Loreto 2003). Isotopic labeling 
of respiratory substrates and analysis of 
evolved CO2 has been carried out in cockle-
bur leaves under different CO2/O2 conditions 
and an increase in decarboxylation reactions 

as photorespiration increases has been shown 
(Tcherkez et al. 2008). Isotopic tracing with 
13C-citrate has further shown that citrate 
metabolism increases at low CO2 (Tcherkez 
et al. 2012b). Interestingly, the TCA pathway 
did not behave similarly at high CO2 
(800 μmol mol−1, in 21% O2) and 2% O2 (at 
400 μmol mol−1 CO2) suggesting that low 
oxygen may have other, non-photosynthetic 
effects on mitochondrial metabolism. 
Amongst the key molecules involved in the 
TCA pathway is 2-oxoglutarate (2OG), 
which can be interconverted to glutamate via 
aminotransferases and the GS/GOGAT 
cycle. In that study (Tcherkez et al. 2012b), 
the relative isotopic commitment to 2OG 
clearly increased as vo/vc increased. This 
effect could be beneficial to photorespiratory 
metabolism since it involves the 2OG/gluta-
mate couple (Fig. 1.1).

B.  The Issue of Photorespiratory Recycling

Photorespiratory metabolism comprises glu-
tamate utilization (to generate glycine) and 
glutamate synthesis (recycling NH3 via the 
GS/GOGAT cycle) (Fig. 1.1). Under the 
assumption that oxygenation changes abruptly 
or that photorespiratory reactions are not 
strictly quantitative, there could be a meta-
bolic imbalance. This phenomenon has been 
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suggested to occur on the basis of photosyn-
thetic response curves (Harley and Sharkey 
1991). Also, the fact that glycine accumulates 
progressively in the light and that the glycine-
to-serine ratio also tends to increases (see e.g. 
Novitskaya et al. 2002) suggests that the con-
version of glycine into serine by the glycine 
decarboxylase-serine hydroxymethyl trans-
ferase complex (GDC-SHMT) is not strictly 
quantitative. Direct assessment of glycine 
recycling efficiency in photorespiration has 
been undertaken recently using isotopic trac-
ing and quantitative NMR analyses: in sun-
flower leaves, it has been shown that a small 
proportion of glycine molecules accumulates 
(about 4% at 400 μmol mol−1 CO2 and 21% 
O2) and this effect is exaggerated at high pho-
torespiration (low CO2 or 100% O2) (Abadie 
et al. 2016a). These data are consistent with 
results obtained upon 15N2-glutamine labeling 
of rapeseed (Brassica napus) leaves at 400 or 
100 μmol mol−1 CO2 (Fig. 1.2, redrawn from 
Gauthier et al. 2010). Quantitative NMR 
detection of 15N shows a difference in 15N 
allocation between ordinary and low CO2 in 
favor of glycine at low CO2. As a result, while 
the glycine-to-serine 15N ratio tends to stay 
constant with time under normal conditions, it 
increases at low CO2 (Fig. 1.2d) so that the 
computed accumulation rate of 15N glycine is 
about 2% of oxygenation rate (Fig. 1.2e). It 
should also be noted that in both Abadie et al. 
(Abadie et al. 2016a) and Gauthier et al. 
(2010), 15N-serine is visible and represent a 
part of accumulated 15N, suggesting that ser-
ine itself is also not quantitatively recycled. 
Taken as a whole, this metabolic imbalance 
(accumulation of non-recycled amino acids) 
has to be compensated for by supplemental 
nitrogen assimilation so as to sustain gluta-
mate provision and thus glyoxylate conver-
sion to glycine in photorespiration. Old 
experiments using 14CO2 have also shown that 
glutamate synthesis is promoted under photo-
respiratory conditions (Lawyer et al. 1981): 
glutamate and glutamine represented a larger 

14C-amount and glutamine had a higher 
14C-specific activity after 14CO2-labeling in 
ordinary conditions as compared to non-pho-
torespiratory conditions. This is in agreement 
with the stimulation of day respiration 
(described in section A above) and N assimi-
lation observed at high photorespiration 
(Bloom et al. 2002; Rachmilevitch et al. 
2004). Of course, the stoichiometric photores-
piratory imbalance and thus the flux associ-
ated with the supplemental nitrogen 
assimilation are rather small: 4% of the usual 
oxygenation rate represent about 0.1 μmol 
m−2 s−1 only. Nevertheless, this value is not 
negligible considering that day respiration 
(CO2 efflux) is usually within the range 
0.5–1 μmol m−2 s−1.

IV. Interaction Between Day 
Respiration and Nitrogen 
Assimilation

A. Potential C and N Sources 
for Nitrogen Assimilation

In illuminated leaves, nitrogen reduction and 
assimilation involves nitrate and nitrite 
reductases and the GS/GOGAT cycle that 
yields glutamate (for a review, see Forde and 
Lea 2007). The regulation of these enzyme 
activities and the requirement for ATP and 
reductants are so that leaf nitrogen assimila-
tion occurs mostly in the light as compared 
to the dark (Delhon et al. 1995; Stitt et al. 
2002). The nitrogen source utilized by nitro-
gen metabolism was documented nearly 
40 years ago. While roots are responsible for 
a variable, species-specific proportion of 
nitrate reduction either in the dark or in the 
light (Radin 1978), 15N-isotopic labeling has 
shown that nitrate molecules that are not 
consumed by roots in darkness are exported 
to shoots where they accumulate and become 
available for reduction during the subse-
quent light period (Gojon et al. 1986). 
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Fig. 1.2. 15N-glutamine labeling on illuminated rapeseed leaves under ordinary conditions (400 μmol mol−1 
CO2, 21% O2, black) or at high photorespiration (100 μmol mol−1 CO2, 21% O2, blue): 15N-NMR spectrum after 
1, 6 or 12 h labeling (a, b and c, respectively), glycine-to-serine 15N content ratio plotted against total absorbed 
15N (d) and 15N-glycine and 15N-serine build-up relative to oxygenation rate vo (e). β-alanine is an internal stan-
dard for 15N quantitation and thus all spectra shown here have been rescaled to keep the height of the β-alanine 
peak constant. The arrow points to the 15N-glycine peak (note that this peak is not readily visible under ordinary 
conditions, black). Chemical shifts are relative to ammonium chloride as the international standard at δ = 0 ppm. 
Thus α-amine groups appear in the 8–20 ppm region (most amino acids, except for proline at ≈35 ppm) while 
amide groups are near 90 ppm. To facilitate reading and avoid excessive overlapping, blue spectra have been 
shifted upward-right (Figure redrawn from source data in Gauthier et al. 2010)
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Although leaf nitrate content is ordinarily 
large thereby allowing isotopic dilution and 
somewhat impeding 15N-labeling, some 
nitrogen recycling (e.g. protein hydrolysis) 
is thought to occur in leaf cells as evidenced 
by the impossibility to completely label glu-
tamate with 15N (Bauer et al. 1977).

The carbon source to assimilate nitrogen 
comes from respiration, 2OG being the car-
bon skeleton required to run the GS/GOGAT 
cycle. Within plant cells, 2OG is mostly gen-
erated by isocitrate dehydrogenases. There 
are several isoforms, NAD- or NADP-
dependent (enzymes are abbreviated IDH 
and ICDH, respectively), and the ICDH 
enzymatic activity is present in different cell 
compartments (Gálvez et al. 1999; Hodges 
2002). Isocitrate dehydrogenation represents 
one step of the TCA pathway. Nevertheless, 
the metabolic origin of 2OG is not very clear, 
because in Arabidopsis, mutants affected in 
I(C)DH (icdh 2 and idh V) lack a strong phe-
notype and seem to grow normally. In fact, 
knock-down mutations of cytosolic ICDH 
lead to little metabolic effect (the majority of 
metabolic pools are affected by <1.5-fold, 
except for glutathione and cysteine (Mhamdi 
et al. 2010), and similarly, knock-down 
mutations of IDH caused variable and not 
very significant changes in metabolite pools, 
although several TCA intermediates accu-
mulated under heterotrophic liquid culture 
conditions (Lemaitre et al. 2007). In IDH 
antisense tomato (Solanum lycopersicum) 
lines, the 2OG-to-glutamate ratio is increased 
and little effect is seen in organic and amino 
acid content, despite a slightly lower label-
ing in TCA intermediates upon 13C-pyruvate 
feeding (Sienkiewicz-Porzucek et al. 2010). 
From consideration of respiration rates and 
IDH activity, the calculation of control coef-
ficients further indicates a very small value 
for IDH (Araujo et al. 2012). It is likely that 
the involvement of several I(C)DH enzymes/
isoforms compensates for each of the indi-
vidual mutations described above. For exam-
ple, in yeast (Saccharomyces cerevisiae), 

auxotrophy for glutamate is observed only in 
strains with double (idh2 idp1) or triple (idh2 
idp1 idp2) disruptions (in yeast, mitochon-
drial and cytosolic NADP-specific isocitrate 
dehydrogenase isozymes are denoted as idp1 
and idp2, respectively) under glucose nutri-
tion (Zhao and McAlister-Henn 1996). The 
balance between cytosolic and mitochon-
drial ICDH and mitochondrial IDH activities 
may further explain the modest effects of 
individual mutations – provided 2OG 
exchanges between cell compartments via 
transporters (Picault et al. 2004). However, 
the I(C)DH proteins affected by the muta-
tions reported above in Arabidopsis are 
responsible for most of leaf I(C)DH activity. 
Recently, it has been shown in Arabidopsis 
that the double-mutant icdh 2 idh V (which is 
affected in the two isoforms responsible for 
>90% of leaf I(C)DH activity) is lethal 
(Boex-Fontvieille et al. 2013a). Furthermore, 
isotopic tracing using sesquimutants (i.e. 
icdh 2+/− idh V−/− and icdh 2−/− idh V+/−) has 
shown that lysine synthesis (from aspartate) 
and degradation represents an alternative 
pathway for 2OG generation in leaves 
(Boex-Fontvieille et al. 2013b).

B.  What Is the Origin of 2-Oxoglutarate 
in the Illuminated Leaf?

Due to the down-regulation of the metabolic 
flux through the TCA pathway in the light 
(see section I above), the metabolic route of 
2OG production in the light remains 
enigmatic:

On the one hand, the day respiration rate 
Rd has been shown to be sensitive to nitrogen 
assimilation (Guo et al. 2005), suggesting 
that it may provide part of the necessary 
2OG molecules. In addition, calculations 
based on leaf citrate content available at the 
beginning of the light period suggest that it is 
not sufficient to feed 2OG synthesis for glu-
tamate production (Stitt et al. 2002) and thus 
day respiration might be critical for 2OG 
synthesis. This process is accompanied by 
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the anaplerotic activity of the PEPC (Huppe 
and Turpin 1994) producing oxaloacetate 
that can be either used by citrate synthase or 
transaminated to aspartate.

On the other hand, the remobilization of 
substrates produced in darkness certainly 
plays a role, because it might supply carbon 
skeletons without requiring all of the steps of 
the TCA pathway in the light. However, 
mutants affected in either aconitase or isoci-
trate dehydrogenase activity do not show a 
clear reduction in plant biomass or N content 
(Kruse et al. 1998; Carrari et al. 2003; 
Lemaitre et al. 2007).

Such conflicting results indicate that pre-
sumably, the carbon source that feeds gluta-
mate production is made of both newly 
synthesized (TCA-derived) and remobilized 
(e.g. derived from night-accumulated citrate) 
2OG. Yet, the proportion of remobilization 
seems to be larger than that of 2OG neosyn-
thesis. Double isotopic labeling (13CO2, 
15N-ammonium nitrate) and examination of 
13C-15N spin-spin interactions have shown 
that most of assimilated 15N is fixed on remo-
bilized (non 13C-labeled) substrates (i.e. the 
proportion of 13C-substrate utilization in 
total 15N-fixation is vanishingly small) and 
conversely, roughly about 50% of the visible 
13C-amino acids are 15N-labeled showing 
that N assimilation is an important fate of 
neosynthesized 2OG. In addition, coming 
back to a 12CO2 atmosphere after a period of 
darkness shows a 13C-enrichment in citrate, 
glutamine and glutamate clearly demonstrat-
ing the recycling of carbon atoms that have 
been fixed beforehand (Gauthier et al. 2010).

Accordingly, CO2 decarboxylated by day 
respiration has been shown to comprise a 
substantial part of “old” remobilized carbon. 
14C-labeling and radiometric studies of day-
evolved CO2 have suggested that up to 40% 
of decarboxylated CO2 comes from stored, 
low turned-over carbon molecules (Pärnik 
et al. 2002; Pärnik and Keerberg 2007). The 
isotopic disequilibrium (at 13C natural abun-
dance) between current photosynthates and 

day-respired CO2 has also suggested that day 
respiration utilizes remobilized substrates 
(Wingate et al. 2007; Tcherkez et al. 2010; 
Tcherkez et al. 2011b, 2012b).

C.  How Is Remobilization Reconciled 
with Enzymatic Pathways?

The metabolic mechanisms by which remo-
bilized substrates are recycled are not 
straightforward since the recycling of malate, 
fumarate or citrate (most common accumu-
lated organic acids in C3 plants) would 
require the action of citrate synthase and/or 
isocitrate dehydrogenase, two steps that are 
assumed to be partly inhibited in the illumi-
nated leaf (see section II). It is possible that 
in addition to alternative yet unknown path-
ways, the flux through the TCA pathway per-
fectly matches N (and maybe S) assimilation 
requirements. As a matter of fact, calcula-
tions of the presumed average flux required 
for N assimilation (about 0.05 μmol m−2 s−1) 
seems to match the flux through the TCA 
pathway in the illuminated leaf (Tcherkez 
and Hodges 2008).

It should also be noted that the production 
of TCA intermediates is supplemented by 
PEPC activity in the light (often assumed to 
be 5% of the net assimilation rate in C3 
plants, that is, near 0.5 μmol m−2 s−1). This 
enzyme might compensate for the consump-
tion of organic acids such as 2OG by N 
assimilation, by providing oxaloacetate (or 
indirectly malate) to feed the TCA pathway 
(the so-called anaplerotic function of PEPC). 
In addition, some oxaloacetate molecules 
can be directly aminated to aspartate (Huppe 
and Turpin 1994). Such a relationship 
between PEPC and aspartate metabolism has 
now been evidenced by a consistent body of 
experimental data, reviewed in Tcherkez and 
Hodges (2008). Taken as a whole, the TCA 
pathway does not keep its cyclic nature in 
illuminated leaves (Tcherkez et al. 2009), a 
substantial part of 2OG molecules being 
consumed for N assimilation to glutamate, 
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while the PEPC activity maintains levels of 
aspartate as well as malate and fumarate 
through the backward reactions of the revers-
ible enzymes malate dehydrogenase and 
fumarase.

V.  Crossed Interactions 
Between Day Respiration, 
Photorespiration, and S 
and C1-Metabolisms

Photorespiration involves the recycling of 
glycine into serine, thereafter converted to 
phosphoglyceric acid. This reaction is cata-
lyzed by GDC-SHMT, and the latter 
depends upon tetrahydrofolate (H4F) as a 
cofactor (Douce et al. 2001). In fact, a one-
carbon unit is subtracted from glycine and 
then attached to another glycine molecule 
to produce serine. H4F metabolism is there-
fore extremely important: estimates of leaf 
folate concentration are about 1.2 μmol m−2 
(Gambonnet et al. 2001) while photorespi-
ratory glycine conversion to serine is about 
2.5 μmol m−2 s−1 under usual conditions 
(21% O2, 380 μmol mol−1 CO2). That is, the 
turn-over of the folate pool probably lasts 
1.2/2.5 ≈ 0.5 s only in the light. Importantly, 
H4F is synthesized in the mitochondrion 
from (among other things) glutamate and 
ATP, which in turn depend upon the TCA 
pathway. This might be of importance when 
H4F content is limiting e.g. when photores-
piration increases. Moreover, under high 
photorespiratory conditions, the glycolate 
excess is believed to spontaneously give 
rise to formate, which is recycled to methy-
lene-H4F (CH-H4F) in the mitochondria, 
thereby consuming H4F (Igamberdiev et al. 
1999). It is therefore likely that significant 
and/or rapid variations in the photorespira-
tory rate induce changes in C1-metabolites 
(H4F and its derivatives and 
S-adenosylmethionine, a C1-intermediates 
that accepts CH3 from methyl-H4F), consid-
ering that the production of H4F has limit-
ing steps (GTP cyclohydrolase I activity 

and synthesis of the para-aminobenzoate 
moiety of H4F) (Sahr et al. 2005). 
Unsurprisingly, folate metabolism (and in 
particular, 10-formyl-H4F degradation) has 
been shown to be required for normal pho-
torespiration, using Arabidopsis mutants 
(Collakova et al. 2008) but unfortunately, 
data on H4F turn-over (and more generally, 
on the whole folate family turn-over) are 
missing (Hanson and Gregory 2011). 
Recently, targeted semi-quantitative analy-
sis of H4F and methionine derivatives by 
LC-MS has been done on sunflower leaves 
under various CO2/O2 conditions (Abadie 
et al. 2016a, redrawn in Fig. 1.3). There is 
no significant change in total leaf 
S-adenosylmethionine or H4F or its deriva-
tives CH-H4F and CH3-H4F (methyl-H4F) 
(Fig. 1.3a, c), likely due to the considerable 
variation in metabolite content between 
leaves and the fact that total leaf content 
encompasses different subcellular pools. 
There is nevertheless a tendency for the 
H4F reduction ratio (CH3-H4F-to-CH-H4F) 
to increase as oxygenation (photorespira-
tion rate) decreases (Fig. 1.3d). This effect 
is surprising because mitochondrial NADH 
production by the GDC-SHMT complex 
decreases as photorespiration drops and 
consequently, the matrix reductive power 
decreases and promotes the equilibrium 
towards the oxidized forms of C1-H4F 
metabolites. On the one hand, should CH3-
H4F be less available (in % of total H4F), 
this would automatically impede S assimi-
lation because methionine synthesis 
requires CH3-H4F. On the other hand, high 
photorespiration competes with S assimila-
tion for H4F utilization (during glycine con-
version to serine). In fact, 13C-glycine 
labeling followed by NMR analysis of 
13C-serine demonstrated that CH2-H4F pro-
duction mostly comes from glycine-to-ser-
ine conversion rather than de novo synthesis 
(Prabhu et al. 1996).

In the data obtained on rapeseed using 
13CO2 labeling (Gauthier et al. 2010), the 
13C-flux to methionine synthesis could be fol-
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lowed using the 13C-signal in the C-3 and C-4 
atom positions of methionine (Fig. 1.4a). 13C-
13C spin-spin interactions further reveal that 
the positional isotopic enrichment (% 13C) in 
methionine C-atoms is relatively close to that 
in its precursor, aspartate (Fig. 1.4b). The 
apparent flux rate of methionine synthesis was 
found to be near 2.5 nmol m−2 s−1, a value that 
is in agreement with the expected S assimila-
tion rate based on S elemental content 
(Tcherkez and Tea 2013). When expressed in 
moles of observed 13C, 13C-methionine build-
up appeared to be decreased at high photores-
piration (low CO2) but when expressed relative 
to net 13C assimilation, 13C allocation to methi-
onine remained constant (Fig. 1.4c). In other 
words, it seems that high photorespiration 
decreases the absolute flux to methionine so 
that it remains scaled to net CO2 fixation. 
Considering the key role of sulfur in metabo-
lism and redox homeostasis, such preliminary 
data are important: at first glance, it seems that 
S assimilation –unlike N assimilation– is 

inhibited by photorespiration. Future studies 
are nevertheless warranted to repeat this type 
of experiment and provide more information 
on the complex relationships between (photo)
respiration and S assimilation. For example, 
the control exerted by the TCA pathway on 
aspartate synthesis in the light is not very well 
known –although this amino acid is at the ori-
gin of methionine immediate precursor, homo-
serine-4-phosphate (Fig. 1.4b). Also, the 
influence of photorespiration on S reduction 
and assimilation rates is presently unknown.

VI. Metabolic Interactions Involved 
in Respiratory Mutants

In the past 15 years, the role played by respi-
ration has been investigated using mutants 
generated in Arabidopsis. However, their 
value in terms of metabolic mechanisms is 
rather limited because of pleiotropic effects 
and alternative pathways that are minimally 

Fig. 1.3. Semi-quantitative analysis of metabolites involved in S and C1-metabolism in illuminated sunflower 
leaves under different CO2/O2 conditions (indicated as μmol mol−1 and %, respectively); (a) methionine con-
tent analyzed by GC-MS or LC-MS, (b) S-adenosylmethionine (SAM), S-adenosylhomocysteine (SAhC) and 
S-methylthioadenosine (SMeTA), (c) methenyl-tetrahydrofolate (CH-H4F) and methyl-tetrahydrofolate (CH3-
H4F), and (d) CH3-H4F to CH-H4F ratio. In all panels, metabolite contents are expressed as mean-centered values 
and are represented as box plots (median value ± 95% confidence intervals). In b and c, metabolites have been 
quantified by LC-MS using two buffers as a mobile phase (phosphate or acetate) and the presented data integrate 
all of the values collected with separate mean-centering on each set. The SAM content was not determined under 
0% O2 (nd). In d, the dotted line represents a possible trend (progressive increase in the ratio as CO2/O2 increases) 
(Figure redrawn from source data in Abadie et al. 2016a)
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expressed in the wild type (reviewed in 
Tcherkez et al. 2012a). One enigmatic case is 
the low photorespiration phenotype of 
mutants affected in mitochondrial malate 
dehydrogenase (Tomaz et al. 2010), which is 
perhaps explained by a secondary effect on 
redox redistribution and CO2 diffusion in 
cell compartments. Everything else being 
assumed equal, the comparison of metabolic 
phenotypes of various mutants can be 
exploited to infer metabolic control coeffi-
cients (here, in its simplest form, the control 
coefficient can be written as C(J,p) = ∂J/∂p 
where J is the observed flux of interest and p 
the flux associated with the specific reaction 

affected in the mutant). That way, it was 
found that the control of the TCA pathway is 
mostly associated with (i.e. C(J,p) values 
were the highest for) malate dehydrogenase, 
aconitase, fumarase, succinate dehydroge-
nase and 2-oxoglutarate dehydrogenase. The 
multiplicity of control points has been inter-
preted as being consistent with the non-
cyclic flux nature of the TCA pathway and 
the occurrence of cytosolic bypasses 
(Sweetlove et al. 2010) that operate in illu-
minated leaves (Araujo et al. 2012).

Best characterized mutants are those 
affected in complex I (NADH dehydroge-
nase) of the mitochondrial electron transport 
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Fig. 1.4. 13C-pattern in methionine in illuminated rapeseed leaves labeled with 13CO2: leaves were labeled 
under ordinary conditions (400 μmol mol−1, 21% O2) for 6 or 12 h, or 6 h and then placed 30 min in darkness 
(6 h + 30 min) or 6 h and then placed 4 h in darkness and then light was switched on again with 12CO2 for 6 h 
(6 + 4 + 6 h). To compare with high photorespiratory conditions, results in a, c and d are also shown after 12 h 
in the light at 100 μmol mol−1 CO2 (12 h (100)). (a) 13C-NMR spectra in the 29–31 ppm region showing peaks of 
methionine (C-3 and C-4 atom positions) and valine (C-3 atom position). (b) Biochemical pathway with colors 
to follow the fate of carbon atoms. Numbers in blue indicate the positional % 13C in aspartate and methionine, 
estimated using the 13C-13C spin-spin interactions. (c) 13C content represented by methionine, expressed in μmol 
13C per m2. (d) Apparent flux to methionine calculated as an allocation of 13C to the methionine pool expressed in 
% of assimilated 13C (Figure redrawn from source data in Gauthier et al. 2010)
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chain. They have been described in several 
species, and many aspects of metabolic phe-
notypes have been examined, such as N 
assimilation and photosynthesis. In the 
Arabidopsis mutant ndufs4 (which contains 
trace amounts of complex I), ATP production 
by isolated mitochondria fed with malate has 
been shown to be lower than in the wild type, 
but in ndufv1 (which completely lacks com-
plex I), ATP generation is identical to the 
wild type; however, more 14CO2 was evolved 
from 14C-glucose in ndufv1 leaf discs (as 
compared to ndufs4 or the wild type) sug-
gesting a higher capacity of glycolysis and 
the TCA pathway (Kühn et al. 2015). In the 
CMSII mutant of forest tobacco (Nicotiana 
sylvestris), the succinate-oxidizing capacity 
of mitochondria is unchanged while glycine 
is less efficiently oxidized showing that 
NADH generated internally (within the 
mitochondrial matrix) is less readily con-
sumed (Gutierres et al. 1997). There is also 
an increased respiration rate in darkness (a 
phenotype found in many other complex I 
mutants) but not in the light, resulting in a 
larger inhibition of respiration by light; this 
mutant has further been shown to have an 
increased photorespiration and a larger N 
assimilation rate (Noctor et al. 2003; 
Dutilleul et al. 2005; Priault et al. 2006). 
ndufv1 mutants in Arabidopsis also have 
larger contents in glycolate, serine, and gly-
cine, suggesting an increase in photorespira-
tion (Kühn et al. 2015). In tobacco CMSII, 
the increase in photorespiration is due to a 
pleotropic lower internal conductance for 
CO2 (Priault et al. 2006) while increased N 
assimilation is believed to be caused by the 
higher availability in reductive power 
(Dutilleul et al. 2005). The latter effect (i) 
likely comes from both complex I deficiency 
and the fact that alternative dehydrogenases 
have a higher Km for NADH and (ii) is prob-
ably exaggerated by the flux of photorespira-
tory glycine-to-serine conversion, which 
generates NADH in the mitochondrion. 
Mutants affected in complex IV, that have a 

very strong growth phenotype, also exhibit a 
larger N and S elemental content and have 
more N- and S-containing metabolites 
(Dahan et al. 2014). Similarly, there is a 
higher amino acid content in mutants affected 
in alternative NAD(P)H dehydrogenases 
(Wallström et al. 2014). This suggests that 
the control of NADH content by mitochon-
drial electron transport might control the 
nutrient reduction rate. However, both 
ndufs4 and ndufv1 mutants have total leaf 
NADH-to-NAD ratio comparable to the wild 
type (the mitochondrial ratio is not known) 
while they contain more amino acids. Taken 
as a whole, complex I activity seems to play 
a role in the regulation of the metabolic flux 
in the TCA pathway maybe via a redox sig-
nal involving NADH-to-NAD ratios in the 
mitochondrial matrix, and this effect likely 
depends on photorespiration. Interestingly, 
citrate synthase (isoform CS4) in Arabidopsis 
has been shown to be inhibited in its oxi-
dized form and active in its reduced form 
and its reduction can be catalyzed by bacte-
rial thioredoxin (Schmidtmann et al. 2014). 
Also, the activity of cytosolic glyceralde-
hyde-3-phosphate dehydrogenases of wheat 
(both phosphorylating NAD-dependent and 
non-phosphorylating NADP-dependent 
forms) has been shown to be much higher in 
the reduced form and stimulated by thiore-
doxin h (Piattoni et al. 2013). This redox-
based enzyme control might be one of the 
missing links between matrix NADH and the 
TCA pathway.

Another plausible actor of metabolic reg-
ulation is the TOR signaling pathway (target 
of rapamycin), which controls catabolism 
and nitrogen assimilation (for a review, see 
Rexin et al. 2015). Under such an assump-
tion, there could be a decrease in TOR activ-
ity in complex I mutants, thereby causing an 
increase in glutamine, organic acids and 
slowing growth. Since TOR regulates the 
phosphorylation of the ribosomal protein 
RPS6 and initiation factors, this should in 
principle lead to a decrease in translational 
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activity and maybe, in the free protein-to-
amino acids ratio (which occurs in complex 
I mutants due to a larger amino acid content). 
In Arabidopsis seedlings, light/dark transi-
tions and hypoxia have been shown to have a 
fast effect (10 min to 1 h) on translational 
activity of mRNA associated with (amongst 
other things) catabolism, such as those 
encoding proteins of the pyruvate kinase, 
PPi-dependent phosphofructokinase and 
aldolase families (Juntawong and Bailey-
Serres 2012). However, in animal cells under 
high glycolytic flux, the dissociation between 
glyceraldehyde-3-phosphate dehydrogenase 
and the GTPase Rheb activates the TOR 
pathway (Lee et al. 2009) and in mouse, 
symptoms observed in complex I mutants 
ndufs4 are mostly alleviated by rapamycin 
(Johnson et al. 2013). In other words, com-
plex I mutants have an increased (not 
decreased) TOR activity in animals and thus 
the potential involvement of TOR in plants 
remains unsure.

Still, changes in mitochondrial NADH 
metabolism appear to be a plausible priming 
event in metabolic regulation because it 
involves both photorespiration and catabo-
lism, and can link to multiple effects via com-
plex intracellular signaling. This view might 
be consistent with the fact that alternative 
dehydrogenases are induced in the tobacco 
complex I mutant (Gutierres et al. 1997), in 
the light (when photorespiration occurs and 
generates NADH) compared to the dark 
(Escobar et al. 2004) or under ammonium 
nutrition (Escobar et al. 2006). Nevertheless, 
it should be recognized that there is no con-
sistent photorespiratory or metabolomics pat-
tern in respiratory mutants (thus maybe 
showing no consistent effect on glycine oxi-
dizing capacity), while most photorespiratory 
mutants show alterations in 2OG metabolism 
despite considerable variation (for a review, 
see Obata et al. 2016). This potential effect 
on 2OG is consistent with documented inter-
actions between photorespiration and N 
metabolism (section III above).

VII.  Perspectives

A general picture of how metabolic path-
ways are articulated has started to emerge in 
the past two decades, with increasing evi-
dence that day respiration interacts with both 
photosynthesis and photorespiration and 
thus, is not CO2- or O2-independent. 
However, important aspects have been 
poorly covered by current research, such as 
the influence of photorespiration on sulfur 
assimilation and metabolism. There are now 
mass spectrometry based instruments (LC-
MS) that can provide both accurate mass 
determination and precision in isotopic pat-
terns in low abundance compounds. Also, 
new generation NMR systems with cryo-
genic probes are well suited to positional 
13C-enrichment determinations in small sam-
ples. Thus, one may expect advances in iso-
topic tracing and flux measurements in the 
near future, including in quantitatively 
“minor” amino acids such as methionine and 
cysteine. Such efforts in analytical tech-
niques are required to follow fluxes as low as 
1 nmol m−2 s−1 (about 0.01% of photosynthe-
sis), which is typically the order of magni-
tude of S assimilation. Also, the dissection of 
molecular mechanisms responsible for 
changes in respiratory metabolic fluxes will 
probably benefit from new generation 
“omics” techniques (phosphoproteomics, 
translatomics, isotopomics). Hopefully, this 
will help to understand how gaseous condi-
tions reorchestrate C/N/S primary metabo-
lism on a short-term basis. It should also be 
noted that in this chapter, little attention has 
been given to other aspects such as mainte-
nance processes or assimilation of other 
nutrients, although respiration is at the heart 
of ATP generation that sustains them. 
Crossed influences between all of these pro-
cesses probably explain why predicting leaf 
respiration has proven so difficult. This also 
makes searching the rationale of the regula-
tion of leaf respiration more challenging 
than ever.
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Summary

In non-photosynthetic tissues most of cell’s demand for ATP is met by mitochondrial oxida-
tive phosphorylation. Surprisingly, however, although the mechanisms involved in ATP syn-
thesis are now well known, our understanding the regulation of cell respiration is still 
incomplete. Nevertheless, recent results suggest that free ADP concentration plays a critical 
role in adjusting the rate of respiratory ATP synthesis. Quite generally, respiration is not a 
limiting factor for Mg-ATP regeneration, because under diverse physiological situations 
(except after blocking or uncoupling the respiratory electron chain, or during Mg-starvation) 
no significant accumulation of ADP is observed. Based on in vivo 31P-NMR experiments in 
sycamore cells, recent results summarized in this chapter show that the cytosolic concentrations 
of free ADP and free Mg2+, rather than the ATP/ADP ratio (or the energy charge), are the key 
factors adjusting cellular respiratory activity to the metabolic Mg-ATP demand. In most 
physiological situations, cytosolic free ADP concentration is low (20 μM) and stable, unlike 
that of ATP. Because this value is close to the reported Km(ADP) of the mitochondrial ADP/
ATP carrier, it seems likely that this carrier regulates cytosolic free ADP concentration. 
Under standard conditions, the moderate cytosolic Mg2+ concentration (250 μM) and the 
high matricial Mg2+ concentration (2.4 mM) allow ADP/ATP exchange across the mitochon-
drial inner membrane. In addition, cytosolic Mg2+ concentration is remarkably stable sug-
gesting that the response of respiration to Mg-ATP requirement is effectively mediated by 
cytosolic free ADP rather than Mg2+ concentration itself.

I.  Introduction

It is generally accepted that the respiration of 
plant cells responds to the demand for ATP of 
cell functioning. In heterotrophic well oxy-
genated cells ATP is regenerated from ADP 
and inorganic phosphate (Pi), principally in 
mitochondria, via oxidative phosphorylation. 
Because no ADP accumulation is observed, 
except under very specific situations (Gout 
et al. 2014), the mitochondrial respiratory 
activity appears to be closely regulated by the 
demand for energy, and is not limiting. 
Surprisingly, however, although the mecha-
nisms involved in ATP synthesis are known 
for decades (electron transport chain, ATP 
synthase), regulation mechanisms of cell res-
piration are still incompletely known. In par-
ticular, the nature of the key biochemical 
species that control respiration (here, by ‘res-
piration’, we mean O2 uptake and ATP syn-
thesis rather than CO2 evolution) are not well 
identified. In this chapter, we will summarize 

recent results that used nuclear magnetic 
 resonance (NMR) and show that ADP itself 
is crucial for controlling ATP generation 
alongside with Mg2+ and Mg-ATP. The defi-
nition of term and symbols associated with 
Mg and NMR biochemistry and used in here 
is recalled in Table 2.1.

II. What Is the Most Likely Limiting 
Substrate for Respiratory ATP 
Generation?

Uncertainty remains as to whether oxygen 
uptake is controlled by the [ATP]/[ADP] 
ratio (Arnold and Kadenbach 1999; 
Geigenberger et al. 2009), the energy charge 
[ATP + 0.5 ADP]/[ATP + ADP + AMP] 
(Atkinson 1968; Pradet and Raymond 1983) 
or simply by the concentration of ADP or 
ATP (Moore 1992; Arnold and Kadenbach 
1997). Intuitively, it appears plausible that 
cell respiration is primarily controlled by the 
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following factors: the availability of 
 substrates for the Krebs cycle, the capacity 
of the mitochondrial electron-transport chain 
(ETC), the availability of Pi for oxidative 
phosphorylation, that of ADP involving 
ATP/ADP carrier (AAC) activity, the con-
centration of Mg2+ in the cytosol and in the 
matrix (because Mg2+ can form a complex 
with ADP and ATP), and the overall capacity 
of the ATP-synthase (AS) complex. The way 
by which these different parameters may 
interact is summarized in Fig. 2.1.

Among these factors, the delivery of 
respiratory substrates like carbohydrates, 
though necessary, does not appear to be 
rate- limiting for respiration since in most 
cases, cell respiration may be increased by 
the addition of compounds that are rapidly 
phosphorylated like choline or glycerol 
(Bligny et al. 1989; Aubert et al. 1994) or 
by the addition of uncoupling agents 
(Bligny and Douce 1976). In addition, an 
increase in respiration following the addi-
tion of uncoupling agents has been 

observed not only in cells cultivated in a 
standard culture medium, but also in cells 
starved from respiratory substrates 
(Rébeillé et al. 1985; Journet et al. 1986a; 
Roby et al. 1987), in which portions of the 
cytoplasm are progressively consumed by 
autophagy (Aubert et al. 1996a). During 
autophagy, cellular respiration decreases in 
proportion to the decrease in the number of 
mitochondria per cell (Journet et al. 1986b) 
but the respiratory capacity of the surviv-
ing mitochondria in vivo remains 
unchanged. As a result, the respiration rate 
of carbohydrate- starved cells can be 
increased by uncoupling agents like in 
non-starved cells.

Similar experiments were performed with 
cells cultivated on copper-deficient medium. 
In these cells the concentration of cyto-
chrome- c oxidase is decreased to less than 
5% of its standard value without affecting 
the respiration activity and neither is the 
response to uncoupling agents (Bligny and 
Douce 1977). This indicates that the overall 

Table 2.1. Some information related to nuclear magnetic resonance analyses

Term Definition

Chemical shift The NMR chemical shift (δ) is defined as 106(υ – υo)/υo, where υ is the resonance 
frequency of the analyzed nucleus and υo is that of a chosen reference. It is a unitless 
number independent of the field strength of the magnet. The δ is expressed in parts 
per million (ppm)

Reference for 31P-NMR In the case of 31P-NMR analyses, the δ of one phosphorus nucleus of a detected 
P-compound is usually referred to the phosphorus of an 85% phosphoric acid 
(H3PO4) solution (at 0 ppm). Accordingly, the δ of the reference (70 mM-methylene 
diphosphonate, pH 8.9, contained in a capillary) used in the experiments described in 
this chapter is 16.37 ppm

Upfield, downfield Upfield and downfield shifts refer to resonance shifting towards the negative or the 
positive ppm values, respectively

Resonance of 
complexed nucleotides

Compared to that of Mg-free molecules, the resonance of nucleotides complexed 
by Mg2+ (for example Mg-ADP or Mg-ATP) is shifted downfield. This permits to 
quantify Free- and Mg-nucleotides. It is recalled that these compounds are involved 
in many metabolic steps, and that Mg-ATP in particular is the substrate of most 
energy-requiring reactions

Quantification with 
NMR

For quantification, the areas under peaks of interest are compared to that of a 
reference signal. This allows for the measurement of sample contents. In vivo, the 
concentration of a given cell compound is calculated from its cell content (expressed, 
for example, as μmol g−1 FW) and the relative volume of the cell compartment where 
it is located
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capacity of the mitochondrial ETC is unlikely 
to be a rate-limiting factor for the respiration 
of cytochrome-c oxidase deficient cell, and 
all the more so in the case of standard cells.

It is also unlikely that cytosolic Pi con-
centration and Pi supply to mitochondria 
(symport with H+ via the Pi-carrier) are 
rate-limiting, because the respiration of 
intact cells remains nearly constant when 
they are transferred to a culture medium 
devoid of Pi that decreases the cytosolic Pi 
concentration from 60–80 μM to less than 
15 μM (Pratt et al. 2009). Surprisingly, the 
Pi concentration for half-maximum O2-
uptake rate was reported to be close to 
40 μM in isolated mitochondria (Rébeillé 
et al. 1984). This result simply comes from 

the fact that in vitro, matricial Pi is rapidly 
exhausted to phosphorylate the large 
amount of exogenously added ADP. This 
situation may happen effectively if the rate 
of Pi incorporation into the matrix, like that 
of Mg2+ (Jung et al. 1997), is lower than the 
rate of its utilization when mitochondria are 
isolated rather than kept in their natural cel-
lular environment. This suggests that con-
clusions drawn from experiments performed 
in vitro with purified organelles (incubated 
in a large volume of suspension medium) 
may differ considerably from that obtained 
in vivo, when organelles interact with the 
cytosol. In other words, this limitation 
should encourage noninvasive experiments 
whenever possible.
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Fig. 2.1. Schematic representation of the recycling of free and Mg-complexed nucleotides, inorganic phosphate, 
and Mg2+ in the cytosol and in the mitochondrial matrix in response to cell demand for energy (Abbreviations: 
AAC ADP/ATP carrier, AS ATP-synthase, PC phosphate-carrier, ETC electron transport chain, IMM inner mito-
chondrial membrane. Note that the scheme is simplified and does not show the possible role of adenylate kinase 
in equilibrating nucleotide concentrations. The H+ gradient- generating process based on the oxidation of respira-
tory substrates and on the mitochondrial electron transport chain functioning is also omitted. Bold characters 
indicate the most abundant compounds, and solid arrowheads indicate the privileged direction of free versus 
Mg-complexed nucleotide equilibriums)
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Cell respiration strictly depends on the 
release of ADP and Mg2+ by metabolic activ-
ity consuming Mg-ATP. In fact, Mg-ATP is 
the substrate of many enzymes (including 
kinases, ATP-ases, etc.) and the central energy 
source of the cell. For this reason, it has long 
been assumed that fluctuations of ATP, ADP 
or ATP/ADP ratio impact primary metabo-
lism, thereby exerting an adenylate control on 
cell respiration (Bryce et al. 1990; Theodorou 
and Plaxton 1993). However, it has been 
recently shown that ADP concentration is 
nearly constant and low in heterotrophic cul-
tured cells (Gout et al. 2014) and this observa-
tion remains valid even when respiration is 
stimulated by the addition of substrates which 
are rapidly phosphorylated and consume 
Mg-ATP. Small fluctuations of ADP likely 
occur naturally if massive and abrupt increases 
(or decreases) in Mg-ATP consumption take 
place. These fluctuations are then supposed to 
be perceived by AAC or AS because free ADP 
concentration is close to their Km value. Up to 
now, however, such fluctuations are too small 
to be measurable using NMR.

Taken as a whole, it might appear para-
doxical to state that ADP concentration regu-
lates cell respiration while remaining 
constant, and also to suggest that ADP is con-
stant because the rate of the ATP regeneration 
follows fluctuations in cytosolic ADP. This 
highlights that it is not the concentration of a 
given nucleotide per se (or a combination of 
different nucleotides) that regulates cell res-
piration but rather, fluxes of ADP/ATP 
exchange via AAC and ADP phosphorylation 
that both adjust quickly to reform Mg-ATP: 
the cellular ADP pool is small, thus its turn-
over rate must be very high.

On the other hand, the fact that significant 
accumulations of ADP were never observed 
(except under specific circumstances like 
uncoupling of the respiratory chain or under 
hypoxia, Saint-Gès et al. 1991) suggests that 
cytosolic pools of adenylates can also be 
equilibrated by adenylate kinase (AK) 
(Roberts et al. 1997; Igamberdiev and 
Kleczkowski 2015) and the impact of this 
enzymatic activity will be addressed below. 

AK may facilitate AAC and AS functioning 
by generating ADP but its contribution is 
marginal and thus cannot be the rate-limiting 
step of Mg-ATP regeneration.

Rather, both AAC and AS represent good 
candidates as rate-limiting steps for respira-
tion. ADP/ATP exchange by AAC is the first 
event in Mg-ATP regeneration. It is an 
energy-independent process that follows a 
1:1 stoichiometry (reviewed by Klingenberg 
2008) and thus its activity depends on the 
concentration of free-ADP and free-ATP in 
the cytosol and in the mitochondrial matrix. 
Owing to the high affinity of free-ATP for 
Mg2+, which is tenfold higher than that of 
free-ADP because of a much stronger Mg2+ 
binding constant (Gupta and Yushok 1980), it 
can be anticipated that cytosolic and matri-
cial concentration of Mg2+ exerts a prominent 
control on the exchange of free-nucleotides. 
After its transport into the matrix, free-ADP 
is phosphorylated by AS via oxidative phos-
phorylation (Boyer 1997; Adachi et al. 2007). 
ATP synthesis takes place in the presence of 
Mg2+ which plays an essential role both as a 
substrate and in catalysis (Ko et al. 1999; 
Blum et al. 2012). In other words, Mg-ATP 
regeneration is likely to be tightly controlled 
by Mg2+ in addition to ATP and ADP concen-
tration. In practice, identifying rate-limiting 
steps of respiratory ATP generation should be 
performed in vivo, using intact cells, so as to 
avoid artifacts due to mitochondria prepara-
tion/purification and to account for the role of 
the cytosolic ADP and ATP concentration.

Up to now, the main difficulty encoun-
tered to study noninvasively oxidative phos-
phorylation and respiratory activity was to 
measure the concentration of each nucleo-
tide in the cytosol and in the matrix, to 
determine its form (free or coordinated with 
Mg2+) and to calculate the local concentra-
tion of Mg2+ ions. That is, until recently, the 
lack of adapted techniques has precluded in 
vivo experiments with Mg2+ and free or 
Mg-coordinated nucleotides. The respira-
tion state and the metabolic properties of 
isolated mitochondria from animals and 
plants have been studied for a long time 
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(Wainio 1970; Douce 1985) and this has 
allowed a better understanding of exchanges 
across the inner mitochondrial membrane 
and mechanisms of oxidative phosphoryla-
tion. More recently, the genetic regulation 
of mitochondrial respiration in plants and 
relationships with photorespiration (thus 
involving chloroplasts) has been studied at 
both transcriptional and post-transcriptional 
levels (reviewed by Millar et al. 2011). In 
vivo metabolism of leaf respiration has been 
investigated using noninvasive 13C labeling 
methods (see for example Tcherkez et al. 
2005, 2008). In the past years, significant 
advance has been made using in vivo analy-
ses (i.e., with mitochondria kept in their 
natural cellular environment) and monitor-
ing of free and Mg-coordinated nucleotides 
by 31P-NMR. The next section gives a brief 
description of this technique.

III.  In Vivo Measurement 
of Phosphate, Nucleotides, 
and Mg2+ Using NMR

Over the last decades, NMR has been used 
to measure the concentration of Pi and 
organic compounds containing phosphate in 
a great number of biomaterials, either in 
vitro in extracts or in vivo. Details on physi-
cal and chemical aspects of NMR have been 
given previously (Roberts 1987; Shachar-
Hill and Pfeffer 1996). Used in vivo as a 
non-invasive technique, 31P-NMR also 
allows to localize and quantify Pi and differ-
ent P-compounds in different subcellular 
compartments like the cytosol, the vacuole, 
plastids or mitochondria (reviewed by 
Ratcliffe and Shachar- Hill 2001; Pratt et al. 
2009; Gout et al. 2011).

A. Identification and Quantification 
of Phosphate and P-Compounds

The in situ discrimination of different Pi and 
P-compound pools such as Mg-ATP or free- 
ADP is based on two facts: (1) the chemical 

shift of the phosphorous nucleus (or nuclei) 
attached to the molecule depends on its 
chemical environment, including its proton-
ation status (according to local pH), the con-
centration of Mg2+, ionic strength, and 
binding to proteins (Lundberg et al. 1990); 
(2) each cell compartment has a specific pH 
and Mg2+ concentration. Consequently, in 
vivo NMR allow, at least in theory, to simul-
taneously identify and quantify free and 
Mg-complexed nucleotides in the cytosol, in 
organelles, and in the vacuole because the 
pH and [Mg2+] in these compartments differ. 
There are, however, several technical imper-
atives to carry out proper measurements.

First, in vivo experiments must meet 
physiological requirements of the cell or tis-
sues despite the constrained volume of the 
tube placed in the magnet. In particular, 
attention must be paid to adjust O2 supply in 
perfused media to the demand of sample res-
piration. In fact, in hypoxic cells, nucleo-
tides, glucose-6-phosphate and different 
glycolytic intermediates are hydrolysed, 
cytosolic Pi concentration increases, cell ion 
balance is modified and cytosol gets acidi-
fied (Gout et al. 2001). These processes gen-
erate artefacts and alter NMR spectra. 
Different perfusion systems have been pro-
posed in the literature (reviewed in Shachar- 
Hill and Pfeffer 1996). Among them, a very 
simple arrangement (Aubert et al. 1996b), 
adapted from Roby et al. (1987), was utilized 
in the experiments reported below.

Second, the sensitivity of the analysis 
should be considered to anticipate sampling 
requirements and acquisition parameters. In 
in vivo NMR analyses, sensitivity depends 
directly on the applied magnetic field, sam-
ple size, its homogeneity, and detection time. 
Each pulse followed by a relaxation time 
(scan), must be repeated n times, improving 
the signal-to-noise by a factor of n1/2. 
Generally, the in vivo 31P-NMR analysis of 
10 g of plant tissue analyzed in a 9.4 T mag-
net allows for acceptable measurements 
within a few minutes of pulse sequence. For 
example, it is possible to discriminate 
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between the Pi pools present in the cytosol 
(at pH 7.40) and in the organelles (at average 
pH 7.55) in sycamore or Arabidopsis cul-
tured cells within five min (Pratt et al. 2009). 
Of course, the longer the accumulation time, 
the better the signal-to-noise ratio and the 
better the possibility to discriminate between 
two overlapping signals and, eventually, the 
better the accuracy of measurements. In 
Arabidopsis cells which have a favorable 
cytoplasmic versus vacuolar volume (Pratt 
et al. 2009), a 4-h accumulation time with a 
9.4 T magnetic field is necessary to discrimi-
nate between different pools of ADP and 
ATP present in the cytosol and in the organ-
elles (Fig. 2.2). In photosynthetic cells, 
which contains chloroplasts in addition to 

mitochondria, the pools of nucleotides pres-
ent in organelles, identified using the γ phos-
phate group of ATP and β phosphate group 
of ADP (denoted as orgmp-γ-ATP and orgmp- 
β- ADP, respectively), appear as shoulders on 
the left and right flanks of cytosolic γ-ATP at 
−5.45 ppm (denoted as cytsol-γ-ATP). The 
pool of cytsol-β-ADP appears as a small peak 
at −6.35 ppm. As further detailed below, the 
chemical shift difference between cytsol-β- 
ADP and orgmp-β-ADP mostly originates 
from the difference of free Mg2+ concentra-
tion between organelles. In fact, in the pres-
ence of Mg2+ ions, the chemical shift of 
β-ATP moves to the left of spectra and this 
effect is more pronounced in the mitochon-
drial matrix where [Mg2+] is high.

-5 -6 -19 -20

Chemical shift (δ), ppm
5 0 -5 -10 -15 -20

γ-ATP

γ-ATP

orgmp

β-ATP

vac-Pi

glc-6-P

cyt-Pi

α-ATP

β-ATP

UDP-glc

cytsol

orgmp cytsol

orgmp

β-ADP
cytsol

β-ADP

ref

15

Fig. 2.2. In vivo proton-decoupled 31P-NMR spectra of Arabidopsis cells. Cells (10 g) were harvested 5 days 
after subculture and perfused at 20 °C in a 25-mm NMR tube with a well-oxygenated diluted nutrient medium 
as described in Pratt et al. (2009). The acquisition time was 4 h (24,000 scans). Peak assignments and abbrevia-
tions: ref., reference (methylene diphosphonate) used to measure chemical shifts and for quantification; glc-6-P, 
glucose 6-phosphate; cyt-Pi, cytoplasmic-Pi; vac-Pi, vacuolar Pi; UDP-glc, uridine- 5′-diphosphate-α-D-glucose; 
cytsol, cytosol; orgmp, organelles (mitochondria and plastids). On expanded scale, the orgmp-γ-ATP and orgmp-β-
ADP peaks appear as shoulders on the left and right flanks of the cytosolic γ-ATP (at −5.45 ppm). Note that orgmp-
β-ATP and cytsol-β-ATP peaks are better separated, but they are broader. A tiny pool of cytosolic ADP appears as 
a small cytsol-β-ADP peak at −6.35 ppm
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B. In Vivo Measurement 
of Free and Mg-Complexed ADP 
and ATP and Mg2+ in the Cytosol 
and Mitochondrial Matrix of Plant Cells

For the reasons given in the Introduction, 
the knowledge of free-ADP, free-ATP, 
Mg-ADP, Mg-ATP, and Mg2+ concentration 
in the different cellular compartments is 
essential to follow energy metabolism. 
Different biochemical techniques to mea-
sure intracellular free and/or 
Mg-coordinated nucleotides and free Mg2+ 
(Rose 1968; Raju et al. 1989; Panov and 
Scarpa 1996; Igamberdiev and Kleczkowski 
2001) have been published, but none of 
them allows compartmental analyses. In 
vivo 31P-NMR spectroscopy offers this pos-
sibility since the chemical shift (δ) of the 
β-phosphorus atom of ADP (δβ-ADP) as well 
as that of the β- and γ-phosphorus atom of 
ATP (δβ-ATP and δγ-ATP) depend on pH and 
[Mg2+] (Gupta and Yushok 1980). The 
peaks of α-ADP and α-ATP cannot be uti-
lized because they show no significant shift 
according to pH and Mg2+ changes. Using 
the signal of γ-ATP rather than that of β-
ATP, or the difference between δβ-ATP and 
δα-ATP (Gupta and Yushok 1980), is prefera-
ble because it is narrower, thus permitting 
to better separate overlapping peaks 
(Fig. 2.2). In particular, when the data 
accumulation time is relatively short (1 h) 
the precision on measurements from the 
broader β-ATP signal is poor despite the 
height of the signal. Using the peak height 
ratio of the β- and α-ATP (Clarke et al. 
1996) gives less accurate results. The per-
centage of free versus Mg-coordinated 
nucleotides can be calculated using the sig-
nals of β- and γ-ATP (and β-ADP) and cali-
bration curves obtained in vitro, as 
described in Gout et al. (2014). Specific 
calibration curves must be established at 
the pH of each cell compartment consid-
ered: for example, at pH 7.0, 7.4, and 7.6 
for purified mitochondria, cytosol, and in 
vivo mitochondria, respectively.

To calculate the concentration of Mg2+ in 
the cytosol and in the mitochondrial matrix, 
the Mg-nucleotide dissociation constant Kd = 
[Mg2+][free-nucleotide]/[Mg-nucleotide] is 
required. Recent Kd values obtained by Gout 
et al. (2014), 35 ± 3 μM for Mg-ATP and 
670 ± 50 μM for Mg-ADP, are consistent 
with previous values given in the literature 
(Gupta and Yushok 1980; Williams et al. 
1993). In practice, Kd values are easily mea-
sured when [free-nucleotide]/
[Mg-nucleotide] = 1. At a given temperature, 
the Kd is a constant that does not depend on 
pH. It should be noted that chemical shifts 
also depend on parameters other than pH and 
[Mg2+], such as ionic strength. Ignoring ionic 
strength (and nucleotide or protein concen-
tration) may lead to substantial errors in the 
measurement of [free-Mg2+] (Mosher et al. 
1992). The use of artificial mixtures for cali-
brating (with ATP, proteins and KNO3 thus 
mimicking chemical conditions of the cell 
compartment of interest) helps avoiding 
undesirable bias.

IV. ADP and Mg2+ Homeostasis 
and Fluctuations of ATP

In the experiments reported below, the 
authors utilized cells cultivated in suspen-
sion on liquid nutrient media so as to have 
available homogenous materials. In addi-
tion, the physiological homogeneity of cell 
suspensions was optimized by frequent sub-
cultures (every 5 d) that synchronize all cells 
in exponential phase of growth (Bligny 
1977). The utilization of this kind of plant 
materials permits to narrow the resonance 
peaks on in vivo NMR spectra, which is very 
important to improve the signal-to-noise 
ratios, the accuracy of chemical shift mea-
surements, and to limit peak overlaps. In 
most of the experiments reviewed here, het-
erotrophic sycamore (Acer pseudoplatanus 
L.) cells of cambial origin were preferred to 
green Arabidopsis cells because they do not 
possess chloroplasts, but only small amylo-
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plastids (Bligny and Douce 1976; Aubert 
et al. 1996b) containing low amounts of 
nucleotides (Pozueta-Romero et al. 1991). 
Such a biological material thus avoids sig-
nificant interference of signals between plas-
tids and mitochondria, and simplifies the in 
vivo study of the exchange of nucleotides in 
vivo between cytosol and mitochondria.

A.  ADP Homeostasis

1.  In the Cytosol

In order to investigate on the stability of 
the concentration of the different nucleo-
tides present in plant cell, Gout et al. 
(2014) recently incubated sycamore cul-
ture cells in different media to vary the 
concentration of ATP and ADP. In these 
experiments, cells were incubated in a 
standard culture medium, in the presence 
of 1 mM adenine, and in a Pi-free medium. 
The in vitro 31P-NMR analysis of extracts 
prepared from these cells (Fig. 2.3) per-
mitted to measure the concentration of 
nucleotides with a good precision. It was 
found that cells cultivated in a standard 
culture medium contain 11 ± 2 nmol ADP 
and 68 ± 7 nmol ATP g−1 FW, whereas 
other nucleotides, like AMP, UDP, and 
UTP were found to be negligible. As 
expected, ATP varied strongly, increasing 
up to 300 ± 30 nmol ATP g−1 FW in ade-
nine-supplied cells or decreasing to less 
than 10 ± 2 nmol in Pi-starved cells. 
Crucially, ADP concentration remained 
almost constant whatever the cell culture 
condition was. Authors extended these 
observations to cells incubated in the pres-
ence of choline and glycerol which are 
readily phosphorylated (Bligny et al. 1989; 
Aubert et al. 1994), thus increasing the 
flux of Mg-ATP consumption and ADP 
release, and to cells grown at low tempera-
ture in which the metabolic activity and 
respiration are lowered. Significant 
changes in the intracellular concentration 
of ADP are observed only when oxidative 

phosphorylation is not operating (addition 
of uncoupling agents), when the cyto-
chrome pathway respiration is not func-
tional (hypoxia, addition of  inhibitors) 
(Gout et al. 2001; Tournaire-Roux et al. 
2003), or when cells are incubated in an 
Mg-free nutrient medium as shown below. 
To confirm these results and to measure 
the concentrations of free- and 
Mg-coordinated nucleotides in each intra-
cellular compartment experiments per-
formed in vivo were required.

For this purpose cells were incubated in 
the same nutrient media as above and ana-
lyzed using the in vivo NMR technique 
(Fig. 2.4). These experiments first confirm 
that ATP varies deeply according to the 
cell incubation conditions. Second, 
because sycamore cells contain more than 
80% of their ATP in the cytosol (Gout et al. 
2014) the major peak of nucleotide 
detected in vivo (Fig. 2.4a) corresponds 
mainly to cytosolic ATP, at pH 7.4. Its 
chemical shift at −5.45 ppm indicates that 
89% of the cytosolic ATP is coordinated to 
Mg, whereas 11% is free. In sycamore 
cells the mitochondrial free and 
Mg-coordinated ATP cannot be directly 
measured because the corresponding β-
ATP peak is completely overlapped by the 
much bigger cytosolic γ-ATP peak. In 
Arabidopsis cells where the pool of ATP 
located in organelles is more abundant the 
orgmp-γ-ATP appears as a downfield shoul-
der (Fig. 2.2).

At this stage, the technical complication 
is that ADP is undetectable in routine 1-h in 
vivo 31P-NMR analyzes in most non-green 
plant material examined so far, like root 
tips (Saint-Gès et al. 1991), potato tuber 
tissues (Couldwell et al. 2009), or hetero-
trophic cultured cells (Gout et al. 2014), as 
well as in animal tissues (Lundberg et al. 
1990). This was explained by the naturally 
low concentration of ADP. However, ADP 
is also  undetectable in vivo in the leaves of 
plants like sunflower, tobacco, spinach, 
Soldanella, Ranunculus, etc. maintained in 
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the dark, although in that case it has been 
shown to represent up to 60% of total ATP 
measured in perchloric extracts (Bligny 
et al. 1990). This suggests either that ADP 
is bound to some cellular structure and 
immobilized, or that, in NMR spectra 
obtained in vivo, most peaks corresponding 

to cell ADP overlapped with those associ-
ated with another compound (here very 
likely ATP). The second hypothesis has 
been validated using spectra of Arabidopsis 
cells as shown in Fig. 2.2.

In fact, the common mitochondrial and 
plastidial peak of β-ADP is distinguishable 
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Fig. 2.3. Proton-decoupled 31P-NMR spectra of perchloric acid (PCA) extracts of sycamore cells. (a) Cells har-
vested in standard nutrient medium 5 days after subculture. (b) Cells pre-incubated in adenine- supplied nutrient 
medium for 12 h. (c) Cells pre- incubated in a Pi-free nutrient medium for 5 days. Cells were rapidly rinsed with 
water, strained, and frozen in liquid nitrogen before PCA extraction. Insets show enlarged portions of spectra 
centered on γ-ATP. at −6.2 ppm. Note that the chemical shifts of β- and γ- ATP and the chemical shift of β-ADP 
measured in vitro are lower (upfield shift) than their values measured in vivo (Fig. 2.2) because all divalent cat-
ions including Mg2+ are chelated during PCA extract preparation. Peak assignments are as in Fig. 2.2; fru-6-P, 
fructose 6-P. Acquisition time, 1 h (1024 scans) (Adapted from Gout et al. 2014)
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at about −5.6 ppm, though partially over-
lapped by the cytosolic γ-peak of 
ATP. Indeed, the peak of β-ADP shifts 
towards the left of the spectrum (downfield) 
when the concentration of Mg2+ is high 
(above 1 mM) as it is the case in plastids 
and mitochondria (Ishijima et al. 2003; 
Vicente et al. 2004), and to the right of the 
spectrum (upfield) when Mg2+ is low, as is 
the case in the cytosol (Gupta et al. 1978; 

Igamberdiev and Kleczkowski 2006). 
Interestingly, a small peak is present at 
about −6.30 ppm. This peak has been iden-
tified to cytosolic β-ADP after in vitro sim-
ulation experiments (Gout et al. 2014). The 
size and the area of this peak clearly indi-
cate that cytosolic ADP concentration is 
low in Arabidopsis cells.

To unambiguously characterize the β-peak 
of the cytosolic ADP in sycamore cells, it is 
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Fig. 2.4. Enlarged portions of in vivo proton- decoupled 31P-NMR spectra of sycamore cells. Cells were har-
vested and perfused as indicated in Fig. 2.2. (a) Standard cells perfused with a diluted nutrient medium. (b) Cells 
pre-incubated in adenine-supplied nutrient medium for 12 h and perfused in the presence of 1 mM adenine. (c) 
Cells pre-incubated in a Pi-free nutrient medium for 5 days and perfused with a Pi-free medium. The acquisition 
time was 16 h (96,000 scans). The spectra are the sum of four successive 4-h blocks showing no change across 
the total 16-h time course of data accumulation. The fragmentation of long-term data accumulations permits to 
check the stability of the spectra during the accumulation time. Peak assignments and abbreviations are as in 
Fig. 2.2 (Adapted from Gout et al. 2014)
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necessary to accumulate data over longer 
periods, up to 16-h. Summing successive 4-h 
identical blocks permits to be sure of the 
spectral stability reflecting the physiological 
stability of perfused cells. That way, like in 
Arabidopsis, the peak of β-ADP is observed 
at −6.35 ppm, quite distinct from that of γ- 
ATP (at −5.45 ppm) (Fig. 2.4a). The area 
under this peak indicates that in sycamore 
cells, the pool size of cytosolic ADP is 
3.6 ± 0.6 nmol g−1 FW, which is in fact very 
small compared with the cytosolic ATP 
(56 ± 6 nmol g−1 FW, Gout et al. 2014). 

Furthermore, the peak of γ-ADP is similar in 
adenine-supplied and in Pi-deprived cells 
(Fig. 2.4b, c), meaning that the concentration 
of ADP is constant in the cytosol, unlike that 
of ATP. Using the signal of β-ADP at 
−6.35 ppm and the calibration curve at 
pH 7.4, it has been calculated that 71% of 
cytosolic ADP is under the free species and 
29% is coordinated to Mg2+. In other words, 
the concentration of cytosolic free ADP and 
Mg-ADP are 20 ± 2 μM and 9 ± 1 μM, 
respectively, (Table 2.2), and they are 
constant.
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Fig. 2.5. Portions of in vivo proton-decoupled 31P- NMR spectra centered on the γ-ATP and β-ADP peaks of 
sycamore cells during anoxia and recovery. Experimental conditions were as follows. (a) Cells harvested 5 days 
after subculture in standard medium and perfused in the 25-mm NMR tube at 20 °C, with a nutrient medium 
containing 50 μM Pi at pH 6.0. (b, c, d) The O2-bubbling was replaced by N2-bubbling just before starting the 
acquisition of b. (e) The N2- bubbling was replaced by O2-bubbling 4 min before the acquisition. Acquisition 
time: 4 min (400 scans)

Table 2.2. Free- and Mg-complexed ADP and ATP and Mg2+ concentrations in the cytosol and mitochondria 
of sycamore cells

Standard conditions Mg-free conditions

Cytosol Mitochondria Cytosol Mitochondria

Free-ADP, μM 20 ± 2 45 ± 8 100 ± 15 180 ± 30
Mg-ADP, μM 9 ± 1 180 ± 30 6 ± 2 40 ± 10
Free-ATP, μM 54 ± 6 10 ± 2 110 ± 15 95 ± 20
Mg-ATP, μM 400 ± 50 520 ± 60 260 ± 30 240 ± 40
Mg2+, μM 250 ± 30 2400 ± 400 45 ± 5 70 ± 15
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When O2 is replaced by N2 in the bubbling 
system of the perfusion medium, a rapid and 
important decrease in cytosolic ATP and an 
accumulation of up to 100 μM ADP is 
observed within minutes (Fig. 2.5). However, 
the build-up in ADP is transient and accounts 
for less than 35% of consumed ATP 
(Fig. 2.5c, d). This effect is simply due to a 
part of free + Mg-coordinated ADP being 
metabolized to Mg-ATP and AMP by ade-
nylate kinase under hypoxia (Igamberdiev 
and Kleczkowski 2006). AMP is in turn con-
verted to inosine monophosphate (Gout et al. 
2001) which accumulates transiently and is 
hydrolyzed into hypoxanthine and ribose 
(Kline and Shramm 1992). As a result, there 
is a decrease in total cell adenylate content. 
Accordingly, after re-oxygenation, cellular 
ATP concentration does not recover its initial 
value observed before hypoxia (Fig. 2.5e), 
confirming the transitory nature of the accu-
mulation of ADP which is further partially 
hydrolyzed.

2.  In the Mitochondria

Since total cellular ADP is constant (Fig. 2.3) 
and so is cytosolic ADP (Fig. 2.4), the ADP 
pool should also remain constant in organ-
elles (in mitochondria in the case of hetero-
trophic cells). However, because the peak of 
mitochondrial ADP could not be distin-
guished unambiguously from that of the 
cytosolic ATP in intact sycamore cells, 
uncertainty remains as to the proportion of 
free versus Mg-coordinated ADP. The mito-
chondrial (matricial) concentrations of free- 
and Mg-coordinated ADP and ATP have 
thus been calculated in purified mitochon-
dria (Gout et al. 2014). The same method as 
that described for cytosolic adenylates (per-
fused cells) has been used with concentrated 
2-mL mitochondrial suspensions. The 
chemical shift of phosphate (δPi) measured 
in isolated mitochondria (at 1.95 ppm) indi-
cates that the pH of the matrix in isolated 
mitochondria was 7.0. It is lower than in 
vivo (pH 7.6, Pratt et al. 2009) because pro-

ton pumps likely do not work in a thick sus-
pension of mitochondria. Subsequently, 
using the signal of β- ADP and a calibration 
curve done at pH 7.0, it was estimated that 
nearly 80% of mitochondrial ADP is coordi-
nated to Mg. Using a similar procedure, it 
has been found that more than 98% of ATP 
is coordinated to Mg2+. The mitochondrial 
concentration of free and Mg-complexed 
nucleotides (calculated with the total amount 
of each nucleotide) is given in Table 2.1. It 
appears that the concentration of free-ADP 
is more than twofold higher in the matrix 
than in the cytosol and that the concentra-
tion of free-ATP is fivefold higher in the 
cytosol than in the matrix. Such a free nucle-
otide repartition should favor the export of 
matricial ADP and the import of cytosolic 
ATP, thus limiting the ATP supply to cell 
metabolism contrarily to what is observed. 
This apparent contradiction is analyzed 
below.

B.  Mg2+ Homeostasis

1.  In the Cytosol

In sycamore cells and in different plant tis-
sues (seedlings, roots, leaves, and flow-
ers), δγ-ATP at −5.45 ppm (and δβ-ADP at 
−6.35 ppm, when detected) have been 
found to be constant under a variety of 
conditions (except for stress situations like 
anoxia, added uncoupling agents and 
Mg-starvation), indicating that the concen-
tration of Mg2+ in the cytosol of these 
materials is very stable (Bligny et al. 1990; 
Saint-Gès et al. 1991; Gout et al. 2014; 
unpublished results). Cytosolic [Mg2+] cal-
culated using Kd

Mg-ATP and Kd
Mg-ADP is close 

to 250 μM in sycamore cells. Such a value 
is in good agreement with the range 200–
400 μM reported for the cytosol of differ-
ent plants (Yazaki et al. 1988; Igamberdiev 
and Kleczkowski 2001) and mammalian 
cells (Gupta et al. 1978; Grubbs 2002). In 
addition, the fact that the δγ-ATP is the same 
in standard cells, in adenine- supplied cells 
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(that massively accumulate ATP) and in 
Pi-deficient cells (that are ATP- depleted), 
suggests that cytosolic [Mg2+] is easily 
adjusted via Mg2+ exchange with intracel-
lular compartments and with the extracel-
lular medium.

It should be noted is that under hypoxia, 
the chemical shift of γ-ATP and β-ADP 
peaks, unlike that of Pi, do not significantly 
move upfield. This contradicts expectations 
based on the presumed effect of cytosolic 
acidification (Gout et al. 2001). In fact, the 
hydrolysis of Mg-ATP does not only liberate 
Pi, which acidifies and tends to move peaks 
upfield, but also Mg2+ which forms a com-
plex with ADP, thereby moving peaks in the 
opposite direction. After a few minutes under 
hypoxia, these two effects apparently com-
pensate for each other. It is only during the 
very first minutes under hypoxia (that is, 
when cytosolic acidification is not estab-
lished yet) that the release of Mg2+ tran-
siently moves the peak of β-ADP downfield, 
at −6.1 ppm (Fig. 2.5b). These results show 
that nucleotides themselves may be involved 
in the homeostasis of cytosolic Mg2+. It has 
been observed in maize suspension-cultured 
cells that under hypoxic conditions, the sub-
sequent release of Ca2+ from mitochondria 
was a transducing signal preceding changes 
in gene expression (Subbaiah et al. 1994). 
The build-up in cytosolic Mg2+ could also be 
a signal, associated with adenylates 
concentration.

2.  In the Mitochondria

The concentration of Mg2+ has been calcu-
lated in purified sycamore cell mitochondria 
from the observed signal of β-ADP, the dis-
sociation constant Kd

Mg-ADP, and the ratio of 
free-ADP to Mg-ADP, as described above. 
The value of 2.4 ± 0.3 mM found is consis-
tent with that reported in potato tuber mito-
chondria (4 mM) (Vicente et al. 2004) and in 
mammalian cells (Romani 2011). Since a 
small amount of Mg2+ can be lost during 

mitochondrial purification, matricial [Mg2+] 
could be slightly higher. The mitochondrial 
free Mg2+ content (6.5 ± 0.8 nmol mg−1 mito-
chondrial protein) represents ca. 36% of the 
total magnesium measured from ICP-MS 
analysis in this organelle (18 ± 2 nmol mg−1) 
(Gout et al. 2014). Free Mg2+ inside mito-
chondria must be in coordination equilib-
rium not only with mitochondrial nucleotides, 
phospholipids and proteins, but also with 
matricial Pi, which is highly concentrated 
(5–7 mM in cultured cells, Pratt et al. 2009).

V. Intracellular Mg2+ as a Regulating 
Factor of Cellular Respiration

As explained above, one key point of this 
ongoing review is that most of the ATP pool 
is in its Mg-coordinated form, because of the 
large Mg2+ binding constant. This is espe-
cially true in mitochondria where [Mg2+] is 
about ten times higher than in the cytosol. 
Conversely, ADP has a much lower affinity 
for Mg2+ and thus is mostly under its free 
form in the cytosol and in its Mg-coordinated 
form in the mitochondrion. Therefore, small 
variations in cytosolic [Mg2+] may be antici-
pated to have consequences on ATP-synthase 
activity and cellular respiration via their 
effect on both free-nucleotides exchange by 
AAC and adenylate kinase activity. Mg2+ 
concentration is rather stable in most physi-
ological conditions (see above) and thus 
experiments utilizing Mg-starved cells have 
been used to validate this prediction.

A. Mg2+ Asymmetry Between the Cytosol 
and the Mitochondrial Matrix is a Key 
Factor in the Regulation of Cell Respiration

The considerable difference between cyto-
solic (250 μM) and mitochondrial (2.4 mM) 
Mg2+ concentration is so that free ADP is 
abundant in the cytosol and scarce in mito-
chondria, thereby favoring the import of 
ADP into the mitochondrial matrix. 
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Nevertheless, the concentration of Mg2+ in 
the matrix is not high enough to lower the 
concentration of free-ADP in mitochondria 
below its value measured in the cytosol 
(Table 2.1). The natural distribution of free 
adenylates in cytosol and mitochondria 
thus prevents ADP import and ATP export 
(1:1 exchange). However, since ADP and 
ATP are charged species (ADP3−, ATP4−), 
ADP/ATP exchange is electrogenic and 
may occur against the concentration gradi-
ent when mitochondria are in the energized 
state, that is, following Δψ and ΔpH across 
the mitochondrial inner membrane 
(LaNoue et al. 1978; Villiers et al. 1979). 
Accordingly, it has been shown that, in 
energized mitochondria, the ADP-influx/
ATP-efflux ratio is multiplied nearly 20 
times (Klingenberg 1980).

By contrast, the high Mg2+ concentration 
in the mitochondrial matrix keeps the con-
centration of free ATP in this compartment at 
a low value, more than 80% lower than that 
in the cytosol. As a result, the mitochondrial- 
to- cytosolic concentration gradient is unfa-
vorable to ATP export, which is thus driven 
by energization. When the concentration 
gradient is made even more unfavorable by 
adding adenine (that specifically increases 
cytosolic free ATP concentration), cellular 
respiration is not modified (Table 2.2). This 
shows that the low free ATP concentration in 
mitochondria is not limiting for ADP/ATP 
exchange.

The stability of the chemical shift of cyto-
solic γ-ATP and β-ADP when cultured cells 
are supplied with adenine indicates that 
cytosolic [Mg2+] does not change much 
despite the spectacular increase in 
Mg-ATP. This suggests that the release of 
Mg2+ from a cellular compartment (such as 
the vacuole) should occur and compensate 
for the consumption of Mg2+ by complex 
formation with ATP. Visible changes in cyto-
solic Mg2+ concentration are only seen under 
Mg-deficiency and replenishment, as 
explained in the following section.

B. Effects of Magnesium Starvation 
on Nucleotide Balance and Cell Respiration

1.  Magnesium Starvation

It takes some time to deplete cellular magne-
sium stores when cells are placed in an 
Mg-free nutrient medium. For example, the 
initial Mg-content (8.5 ± 2 μmol g−1 FW) 
decreases to 1.5 ± 0.3 μmol g−1 FW after 14 
d (Gout et al. 2014). The reason for this 
delay is that the vacuolar compartment con-
tains large amounts of Mg2+ (Marschner 
1995). During the first 10 d of Mg-starvation, 
δγ-ATP remains constant, showing that the 
concentration of [Mg2+] in the cytosol is kept 
 constant by the release of Mg2+ from intra-
cellular stores. Afterwards, δγ-ATP shifts pro-
gressively toward the right of spectra 
(Fig. 2.6a), reflecting the decrease in cyto-
solic [Mg2+]. At this stage, cell growth stops 
and respiration decreases (Table 2.3). In 
addition, cells become unable to phosphory-
late added adenine, choline, or glycerol. 
Nevertheless, cytosolic pH measured using 
δcyt-Pi remains stable, indicating that ATPases 
are still working normally. Meanwhile, ATP 
decreases and ADP increased (Fig. 2.6a, 
inset; Table 2.2). Using the signal of γ-ATP 
at −5.90 ppm, it can be shown that 65% of 
cytosolic ATP is complexed to Mg2+ and 
cytosolic [Mg2+] is 45 ± 10 μM, representing 
18% only of its value in cells grown under 
Mg-sufficient conditions.

Of particular interest are the peak at 
−5.60 ppm on the left side of γ-ATP and the 
broad signal comprised between −6.40 and 
−6.70 ppm on its right side (Fig. 2.6a). It 
was proposed that the peak at −5.60 ppm 
likely corresponds to a pool of ATP located 
in the mitochondria, and that the shoulder 
between −6.40 and −6.70 ppm results from 
the juxtaposition of the β-peaks of mito-
chondrial ADP (at about −6.30 ppm) and 
cytosolic ADP (at about −6.60 ppm) (Gout 
et al. 2014). Accordingly, in 14-d 
Mg-deprived cells the mitochondrial [Mg2+] 
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Table 2.3. Coupled and uncoupled respiration rates of sycamore cells incubated in different nutrient media

Respiration Standard + Adenine Pi-free Mg-free + Mg (1 h)

Coupled 0.35 ± 0.02 0.37 ± 0.02 0.30 ± 0.02* 0.20 ± 0.03* 0.32 ± 0.02
Uncoupled 0.55 ± 0.04 0.53 ± 0.04 0.51 ± 0.05 0.46 ± 0.05 0.48 ± 0.04

Cells were incubated in the following media: standard, supplied with 1 mM adenine (12 h), Pi-free (5 d), Mg-free (14 d), 
and 1 h after the addition of 1 mM MgSO4 to 14-d Mg-free cultures. For respiration measurements, 50 mg of cells were 
placed in a 1-ml O2-electrode chamber. The temperature of incubation was 20 °C. Cell respiration rates are expressed 
as μmol O2 consumed min−1 g−1 FW. The uncoupled cell respiration was measured in presence of 2 μM cyanide p-triflu-
oromethoxyphenylhydrazone (FCCP). Values are mean ± SD (n = 5). *Values that differ significantly (P ≤ 0.05) from 
the corresponding values of the standard cells in the Student’s t-test. Adapted from Gout et al. (2014)

Fig. 2.6. Enlarged portions of in vivo proton- decoupled 31P-NMR spectra of sycamore cells and in vitro spectra 
of cell extract during Mg-starvation and recovery. Cells were harvested and perfused as indicated in Fig. 2.2. (a) 
Cells harvested after 14 days of pre-incubation in Mg2+-free culture medium and perfused with Mg2+-free diluted 
medium. The acquisition time was 4 h (24,000 scans). This spectrum is the sum of four successive comparable 
1-h spectra. Note that longer accumulation times, as chosen in the experience of Fig. 2.4, were not possible 
because in Mg-deficient cells the continuous decrease of intracellular Mg2+ leads to β-ADP and γ-ATP chemical 
shifts that broaden peaks and favors overlaps. (b) Spectrum accumulated 1 h after the addition of 1 mM MgSO4 
to the perfusion medium. Acquisition time, 1 h (6000 scans). Horizontal arrows indicate the downfield shift 
(toward the left of spectra) of the different ATP resonance peaks following the addition of MgSO4 to perfusion 
medium. The insets centered on γ-ATP at −6.2 ppm show portions of PCA extract spectra prepared from 10 g of 
cells incubated outside the magnet under the same conditions. Acquisition time, 1 h (1024 scans). Peak assign-
ments and abbreviations are as in Fig. 2.2 (Adapted from Gout et al. 2014)
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decreases to less than 100 μM, ca 30% of 
mitochondrial ATP is free, and more than 
70% of mitochondrial ADP and 90% of cyto-
solic ADP are free. By comparison with 
standard cells, the balance between cytosolic 
and mitochondrial free ADP and ATP in 
Mg-deficient cells (Table 2.2) should favor 
the import of ADP in the matrix and the 
export of ATP in the cytosol.

2.  Recovery

One hour after the addition of 1 mM MgSO4 
to the nutrient medium, the cells respiration 
recovers standard values (Table 2.3), whereas 
PCA extract analysis (Fig. 2.6b, inset) indi-
cates that the ADP accumulated in Mg-starved 
cells is promptly phosphorylated into ATP by 
ATP-synthase. As expected, the different 
nucleotide peaks move downfield, indicating 
that Mg2+ is quickly incorporated to the cyto-
sol and mitochondria. The δγ-ATP first decreases 
to −5.35 ppm (Fig. 2.6b) before stabilizing at 
−5.45 ppm, likely because the cytosolic 
[Mg2+] transiently exceeded 250 μM.

3. Origin of the Respiration and ATP 
Decrease in Mg2+ Starved Cells

As stated above, after 2 weeks of 
Mg-starvation, cell growth stops, respiration 
decreases, and Mg-ATP-dependent enzy-
matic activities are altered (like choline- and 
glycerol-kinase) although cytosolic Mg-ATP 
decreases by 35% only. However, glycolytic 
activity is sufficient and can sustain uncou-
pled respiration at maximal rate (Table 2.2). 
Also, ATP-dependent proton pumps remain 
operational since cytosolic and organellar 
pH is not affected. Under such circum-
stances, why does respiration of Mg-starved 
cells decrease effectively and why does ADP 
accumulate at the expense of ATP? The 
decrease in respiration under Mg-deficiency 
is also surprising considering that this effect 
is not observed in non-growing, Pi-deficient 
cells. A plausible explanation is that AS 
activity become rate limiting for respiration. 

In fact, Mg2+ is involved as a cofactor in AS 
catalysis and thus the substantial decrease in 
mitochondrial Mg2+ concentration (from 
2.4 mM to less than 100 μM) likely impedes 
ATP production. It should nevertheless be 
noted that the concentration of free ADP in 
the matrix increases a lot (from 45 to 
180 μM) and this should promote ATP syn-
thesis. The apparent Km(ADP) of AS mea-
sured in isolated mitochondria from 
respiration curves is nearly 30 μM (Roberts 
et al. 1997, and see also the review by Senior 
et al. 2002) thus presumably, AS should be at 
saturation for its substrate ADP. It is also 
possible that AAC activity is also limiting 
under Mg-deficiency. This limitation would 
be caused by the inhibition exerted by ADP 
on ATP export by AAC: ADP is associated 
with an inhibition constant Ki comparable to 
Km(ATP) (Schünemann et al. 1993) and an 
increase in free ADP is effectively observed 
in the mitochondrial matrix. Of course, these 
two hypotheses (limited Mg2+ for AS 
 catalysis, competitive inhibition of AAC by 
free ADP) are not mutually exclusive. The 
use of specific inhibitors of AAC (like atrac-
tyloside or bongkrekic acid, Klingenberg 
2008), if they can be incorporated to plant 
cells, should help to clarify this question.

VI. Why Are the Cytosolic Free 
and Mg-Complexed ADP as Well 
as Mg2+ Concentrations So Stable?

Cytosolic ADP concentration is the net result 
of: (1) metabolic activity and the associated 
demand for energy (i.e., hydrolysis of 
Mg-ATP into ADP, Pi, and Mg2+); (2) pro-
duction of Mg-ATP from ADP, Pi, and Mg2+; 
(3) Mg2+-activated AK activity (Mg-ADP + 
free-ADP ↔ Mg-ATP + free-AMP). In cells 
cultivated in a standard medium, AK is 
unlikely to be of major importance because 
the concentration of Mg-ADP (9 μM) is far 
below the Km of the enzyme (250 μM at 
230 μM [Mg2+], Igamberdiev and 
Kleczkowski 2001). Under Mg-deficiency, a 
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significant role of AK is also unlikely, 
because despite that increase in cytosolic 
free ADP, both [Mg-ADP] and [Mg2+] are 
very low. In all cases, AMP remains below 
the 31P-NMR detection threshold meaning 
that it is lower than 10 nmol g−1 cell FW. In 
other words, AK activity is probably very 
small in both directions of the reaction. 
However, AK might play a role when the 
mitochondrial electron chain does not work 
properly like under hypoxia or after the addi-
tion of uncoupling agents. In hypoxic plant 
tissues, Mg-ATP is massively hydrolyzed 
thereby liberating ADP, Pi, and Mg2+ (that 
accumulate substantially, Fig. 2.5). AMP 
also increases in the cytosol (Gout et al. 
2001), suggesting that AK activity occurs 
and counterbalances ADP accumulation and 
ATP consumption (Roberts et al. 1997).

The lack of ADP accumulation in most 
physiological situations is not consistent 
with the hypothesis that AS activity is rate- 
limiting for cellular respiration (Stubbs et al. 
1978). Phosphate (Pi) supply to AS, that 
depends on cytosolic Pi concentration and 
mitochondrial Pi carrier, is unlikely to be a 
control point of respiration, as outlined in the 
introduction. Rather, the fact that the respira-
tion rate of purified mitochondria becomes 
negligible under Mg deprivation (Vicente 
et al. 2004) and then recovers its normal 
value after Mg addition suggests that adenyl-
ate exchange via AAC is rate-limiting. In 
other words, AAC likely provides substrate 
ADP with a flux that matches, but is not 
higher than, AS phosphorylation capacity. 
The mechanism of AAC activity and adenyl-
ate exchange thus appears to be crucially 
important and more work on this topic would 
be required. However, despite current knowl-
edge of molecular mechanisms driving free- 
ADP import (Pebay-Peyroula et al. 2003; 
Dehez et al. 2008; Wang and Tajkhorshid 
2008) and alternating-access ADP/ATP 
exchange process (Ruprecht et al. 2014), 
free ATP export from the mitochondrial 
matrix is not well documented.

The high affinity of AAC for free ADP 
(Km ≈ 15–40 μM, Knirsch et al. 1989; 
Haferkamp et al. 2002) probably explains 
why cytosolic free ADP concentration stabi-
lizes at about 20 μM. Since cytosolic Mg2+ is 
also stable at about 250 μM, cytosolic 
Mg-ADP remains stable, at a low value 
(9 μM). Having a low Mg-ADP low value is 
a metabolic imperative since many Mg-ATP 
utilizing enzymes are competitively inhib-
ited by Mg-ADP. This is the case of, for 
example, nitrogenase (Cordewener et al. 
1985), H+-translocating enzymes like vacu-
olar H+-ATPases (Kettner et al. 2003), and 
some kinases (Renz and Stitt 1993; 
Nishimasu et al. 2007). Presumably, an 
increase in Mg2+ should cause an increase in 
Mg-ADP and lower the activity of kinases 
such as hexokinase (Monasterio and 
Cardenas 2003). This effect likely contrib-
utes to limiting the delivery of fermentable 
substrates in hypoxic cells (Gout et al. 2001). 
Fluctuations in cytosolic Mg2+ are also unde-
sirable since they may impact protein kinases 
activity. In fact, Mg2+ plays an important role 
in the ATP binding in the active site and 
plays a role in the geometry of the transition 
state to facilitate phosphoryl transfer reac-
tions (Yu et al. 2011). In summary, the stabil-
ity of Mg2+ (and Mg-ADP) is an imperative 
for both primary metabolism and signal 
transduction.

VII.  Conclusions and Perspectives

The recent advances summarized in present 
chapter have shown that mitochondrial ATP 
generation and O2 consumption is regulated 
by (1) the supply to mitochondria of ADP 
released by metabolism in the cytosol and 
(2) the concentration of cytosolic free ADP 
and free Mg2+, rather than that of ATP (or a 
combination of ATP, ADP, and AMP).

The fact that cytosolic free ADP concen-
tration is low and kept constant under most 
physiological situations is in clear contrast 
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with the high and rather variable concentra-
tion of Mg-ATP. As such, free ADP plays the 
role of a metabolic signal: when small varia-
tions occur in response to environmental 
conditions, it triggers nearly instantaneous 
changes in Mg2+-coordinated forms, ADP/
ATP exchange and AS activity. This proba-
bly explains why cellular respiration is so 
finely and rapidly adjusted to match the 
demand for energy. That is, it allows normal 
cell growth and avoids limitation in Mg-ATP 
(energy). Conversely, it makes cell growth 
directly dependent on substrate (e.g. sugars) 
availability and explains abrupt changes in 
cytosolic concentrations of Pi and respira-
tory substrates when conditions vary (Pratt 
et al. 2009; Gout et al. 2011). This metabolic 
mechanism is likely limited by (1) the diffu-
sion per se of metabolic signals from the 
cytosolic compartment and (2) AAC activity, 
and this may introduce delays in the response 
to changes in environmental conditions. It 
has been recently shown that bypassing dif-
fusion (through the cytosol) thanks to direct 
physical interactions between chloroplast 
and mitochondria in the diatom 
Phaeodactylum tricornutum, allows a direct 
transfer of reducing power and optimizes 
carbon fixation and growth (Bailleul et al. 
2015).

The cornerstone of the metabolic regula-
tion described here is Mg2+ concentration, 
because (1) the ADP/ATP carrier exchanges 
only free (non-Mg-coordinated) nucleotides, 
and thus (2) the low Mg2+ concentration in 
the cytosol maximizes free ADP concentra-
tion and facilitates its import into mitochon-
dria while the high Mg2+ in the matrix 
impedes ATP export from the mitochon-
drion; (3) Mg2+ mediates ADP supply to 
AS. In metabolically active cells, the con-
tinuous release of Mg2+ in the cytosol due to 
the hydrolysis of Mg-ATP tends to increase 
cytosolic Mg2+ concentration and favor the 
export of free ATP so as to reform Mg-ATP. In 
fact, O2 consumption by isolated mitochon-
dria is inhibited in the absence of Mg2+ in the 
incubation medium. Whether the release of 

Mg2+ in the cytosol by Mg-ATP hydrolysis 
contributes significantly to facilitating ATP 
export from the mitochondrion is, however, 
rather uncertain. Cytosolic and mitochon-
drial Mg2+ concentrations are rather similar 
in many organisms; therefore they are likely 
to correspond to a good – and selected – 
compromise optimizing ADP/ATP exchange 
and ATP supply. The stability of free Mg2+ 
concentration in the cytosol even under 
Mg-deprivation or adenine supply indicates 
that plant cells have a good ‘buffering capac-
ity’ of Mg2+ pools. The regulation of Mg2+ 
content involves many aspects, including 
Mg2+ exchange through the plasma mem-
brane and organelle membranes, and Mg2+ 
binding to proteins, phospholipids, nucleic 
acids, nucleotides, etc. (Romani and Maguire 
2002). As explained above, Mg2+ homeosta-
sis is a prerequisite for the response of respi-
ration to changes in Mg-ATP requirements, 
via cytosolic free-ADP as a signal. It is pos-
sible that Mg2+ itself was not selected as a 
signal since its fluctuations can have various 
origins. Despite recent and significant 
 progress on cellular Mg2+ distribution and 
transport mechanisms (reviewed by Romani 
2011), further research is required to better 
understand the mechanisms of Mg2+ homeo-
stasis. Specific proteins (Schmitz et al. 2003) 
as well as transport via molecular channels 
(transporters) have been shown to be 
involved in magnesium partitioning between 
extracellular medium, cytosol, vacuole and 
organelles (Shaul 2002; Li et al. 2008; 
Gebert et al. 2009; Conn et al. 2011). As 
mentioned by Waters (2011), a better under-
standing of magnesium transporters should 
be instrumental in generating plants adapted 
to a variety of environmental constraints. 
This should be particularly helpful under 
Mg-deficiency caused by either poor 
Mg2+uptake by roots due to competition with 
other cations in acidic soils (Rengel and 
Robinson 1989) or natural Mg-depletion in 
soil (Laing et al. 2000).

In an editorial to Circulation Research in 
2000, Elizabeth Murphy mentioned the 
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“mysteries of magnesium homeostasis” in 
humans. In fact, the most abundant divalent 
cation still holds “many secrets for us to 
unravel” so as to understand more compre-
hensively intracellular regulation of plant 
cell respiration and growth. Improving our 
knowledge in this field should pave the way 
for applications in agriculture.
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Summary

Carbon isotopes have long been used to dissect metabolic pathways. More recently, stable 
isotopes have become an important tool in modeling global fluxes in the biosphere, and 
notably CO2 isofluxes. The accuracy of these models relies partly on the knowledge of frac-
tionations associated with each individual flux component. This has led to the observation 
that carbon isotope fractionation occurs during respiration in plants, and exhibits large tem-
poral and spatial variations. Despite important advances in the area, metabolic features 
underlying such variability remain to be fully elucidated. The present chapter summarizes 
available data on plant respiratory fractionation, and presents a critical discussion about the 
metabolic origin of its variation, in the light of recent developments in understanding the 
compartmentation and plasticity of plant respiration. It emphasizes the need for refining 
existing frameworks, and points out knowledge gaps that need to be filled so as to achieve a 
more quantitative modeling of respiratory fractionation.

I.  Introduction

Both stable and radioactive isotopes are 
used as tracers in a wide range of domains, 
either at natural abundance or using labeling 
approaches (e.g. hydrology, geophysics, 
geochemistry, forensics, criminology, medi-
cine, and different fields of biology, ecology 
and agronomy). In particular, they have a 
wide range of applications related to respi-
ration. For example, radioactive 14C can be 
used as a tracer to study carbon residence 
time in plants before it is released through 
respiration (see Chap. 12; e.g. Carbone et al. 
2007). Also, electron partitioning between 
cytochrome and alternative pathways of 
mitochondrial respiration can be measured 
using the natural 18O abundance in oxygen 
exchange flux (Guy et al. 1989; Ribas-Carbo 
et al. 1995; McDonald et al. 2002). 
Furthermore, the combined effect of respi-
ratory and photorespiratory discriminations 
against 18O is one of the major causes of the 
Dole effect (natural 18O-enrichment of 
atmospheric O2 relative to oxygen in seawa-
ter) and thus needs to be understood in order 
to explain isotopic fluxes (isofluxes) of oxy-

gen at the global scale and use this knowl-
edge for the reconstruction of past 
environments (Bender et al. 1994; Angert 
and Luz 2001).

In this chapter, we will focus on the use of 
stable carbon isotopes, 12C and 13C. Carbon 
forms the backbone of biomolecules and 
represents the major fraction of plant dry 
mass (generally around 40%). The natural 
13C abundance in metabolites and CO2 
exchange fluxes can thus be used to trace the 
fate of carbon within plants and ecosystems 
(Buchmann et al. 1998; Schnyder et al. 2003; 
Bowling et al. 2008), and to help disentan-
gling the contribution of the different com-
ponents of the carbon cycle in the biosphere 
(Ciais et al. 1995; Yakir and Wang 1996; 
Fung et al. 1997).

However, this requires a sufficient knowl-
edge of isotopic fractionations associated 
with the different components of the CO2 
exchange flux, and how they vary. 
Photosynthesis has been known for now 
more than 50 years to discriminate against 
13C so that the organic matter is naturally 
13C-depleted compared to atmospheric CO2. 
Photosynthetic discrimination has been 
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 satisfactorily modeled and explains most of 
the isotopic signal of net fixed CO2 (as mea-
sured in organic matter). However, it is only 
relatively recently that it has been recog-
nized that further fractionations do occur in 
the metabolism downstream carbon assimi-
lation, especially during respiration. 
Ghashghaie and coworkers have thus shown 
that the CO2 evolved by leaves in the dark 
exhibited an isotopic composition systemati-
cally different from that in organic matter 
(Duranceau et al. 1999), providing evidence 
for the so called ‘apparent respiratory frac-
tionation’. Since this pioneering work, 
 respiratory fractionation has been shown to 
be widespread amongst plants, although 
being highly variable between taxa, organs 
and environmental conditions. This has 
facilitated the understanding of metabolic 
fluxes associated with respiration in different 
plant tissues, but to date, a complete under-
standing of the mechanism underlying these 
variations is still lacking.

In most cases, more than 25% of the car-
bon fixed by photosynthesis is subsequently 
released by respiration at the whole plant 
level (although it can vary widely through-
out plant development; Thornley 2011). The 
annual ratio of carbon released through plant 
respiration relative to photosynthesis deter-
mined experimentally was 0.53 to 0.69 dur-
ing boreal forest post- fire succession 
(Goulden et al. 2011), and varied between 
0.17 and 0.78 as reviewed by DeLucia et al. 
(2007) for evergreen and deciduous forest 
stands. In the latter study, it was shown that 
the respiration/photosynthesis ratio varies 
with biome, stand age and leaf mass ratio. 
For sunflower, the ratio was 0.42 throughout 
the crop growth cycle (Cheng et al. 2000) 
and it varied between 0.23 and 0.38 in two 
Plantago species at a daily time scale 
depending on species and growth tempera-
ture (Atkin et al. 2007). When a respiratory 

fractionation exists, it must then influence 
the isotopic composition of plant organic 
matter, impairing its accuracy as a proxy for 
photosynthetic discrimination.

Part of the problem lies in the somewhat 
ambiguous nature of respiration, even at a 
cellular level. In the simplest case respira-
tion consists in the stoichiometric oxidation 
of glucose in the presence of oxygen to yield 
CO2 and water through the action of glycol-
ysis and the tricarboxylic acid (TCA) path-
way (i.e. Krebs cycle when the pathway is 
cyclic). This definition is not easily appli-
cable to the carbon isotope fractionation 
associated with respiration. In fact, these 
two central pathways are intimately inter-
connected to the other branches of metabo-
lism (see also Chaps. 1 and 14), through 
intermediates that can engage in biosynthe-
sis (e.g. amino acids, fatty acids, nucleo-
tides…). Therefore, (i) other substrates than 
glucose can fuel respiration depending on 
the physiological status of cells, and (ii) 
additional carboxylating/decarboxylating 
steps can participate in the net respiratory 
CO2 flux measured experimentally. In other 
words, the knowledge of fluxes in anabolic 
and catabolic processes (within different 
plant cell types) is required to fully under-
stand the metabolic origin of the observed 
isotope composition in CO2 evolved by 
plants (see Fig. 3.1 for metabolic pathways 
associated with respiration).

In the present Chapter, the current knowl-
edge about the variability of respiratory 
apparent fractionation in plants will be 
reviewed. Besides, we will make an attempt 
to describe metabolic features (fluxes, iso-
tope effects) that underpin such variations as 
far as they are now understood. Finally, a 
rapid survey of areas where additional 
knowledge is needed to improve the under-
standing of respiratory carbon isotope frac-
tionation will be provided.

3 Carbon Isotope Fractionation in Plant Respiration
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II. Stable Carbon Isotopes 
and Photosynthesis

A. Carbon Isotopes, Abundance 
and Fractionation Definitions

The fundamental definitions required for the 
use of stable isotopes in biological or geo-
chemical studies have already been exten-
sively reviewed in previous contributions 

(e.g. Kendall and McDonnell 1998), which 
the unaccustomed reader can refer to for fur-
ther details. In what follows, the main fea-
tures are briefly addressed, and points 
particularly relevant to metabolic studies are 
underlined.

Chemical elements naturally occur in var-
ious forms named isotopes, which differ 
only in their mass number. Forms that do not 
decay with time (i.e. non-radioactive forms) 

Fig. 3.1. Simplified metabolic scheme of main respiratory pathways (pink boxes including glycolysis, translo-
cation and decarboxylation of pyruvate and Krebs cycle) and associated pathways (grey boxes including pentose 
phosphate pathway, anaplerotic pathway, biosynthesis of lipids and secondary metabolites, and green box includ-
ing glyoxylate pathway). Biosynthesis of proteins linked to the tricarboxylic acid (TCA) pathway are shown in 
light brown. Metabolites involved in processes occurring in the cytosol, mitochondrion, and glyoxysomes are 
shown in blue, red and green, respectively. Anabolic pathways are shown with solid- line arrows, and catabolic 
ones with dashed-line arrows, i.e. degradation of lipids, β-oxidation of fatty acids, and gluconeogenesis [from 
the incorporation of succinate (Succ) coming from the glyoxylic cycle into TCA pathway, and transformation 
of resulting OAA to PEP and finally to sugars (dashed-line arrows in green)]. The degradation of proteins to 
amino acids is also indicated by dashed-line arrows. Evolved CO2 molecules are shown in ellipses. Pathways and 
enzymes are in bold letters: PPP pentose phosphate pathway, PEPC phosphoenolpyruvate carboxylase, PDH 
pyruvate dehydrogenase, PEPCK phosphoenolpyruvate carboxykinase, MDH malate dehydrogenase, ME malic 
enzyme, CA carbonic anhydrase
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are referred to as stable isotopes. The lightest 
forms are always the most abundant (Meija 
et al. 2016). The atomic mass difference 
between the heavy and light isotopes of a 
given element comes from the number of 
neutrons in the nucleus. Heavy isotopes have 
one, two or more additional neutrons com-
pared with the light isotope. There are 15 
known carbon isotopes with mass numbers 
ranging from 8 to 22 (https://en.wikipedia.
org/wiki/Isotopes_of_carbon). Among them, 
only 12C and 13C are stable, with an average 
natural abundance of 98.9% and 1.1%, 
respectively. All other carbon isotopes are 
radioactive, and only 14C (half-life of 
5730 years) is found in nature. The most sta-
ble artificial carbon isotope is 11C with a 
half-life of 20.334 min. Besides stable car-
bon isotopes, radioactive 14C (e.g. 
 Dieuaide- Noubhani et al. 1995) and 11C (e.g. 
Bloemen et al. 2015) have also been applied 
as tracers in physiological studies.

The relative abundance of stable isotopes 
can be expressed as an isotope ratio (R), 
defined as the molar ratio of the heavy to 
light isotope, e.g. for carbon, 
R = 13C/12C. Because these ratios are very 
small, it is generally more practical to 
express them as a deviation relative to an 
international standard, the isotopic composi-
tion δ. For carbon:

δ13 1C     = =( ) ( )R R R R RS PDB PDB S PDB– / / –  (3.1)

where, RS and RPDB are the isotope ratios of 
the sample and the PDB standard, respec-
tively. PDB is a belemnite fossil coming 
from the geological formation Pee Dee in 
South Carolina, USA. Since the PDB is only 
slightly 13C-enriched (RPDB = 0.0112372) 
compared to almost all organic and inorganic 
materials, the δ13C of biological samples are 
generally very small (expressed in per mil, 
‰) negative values. Different combinations 
of light and heavy isotopes within a given 
molecule are defined as ‘isotopologues’ (e.g. 
12C16O16O, 13C16O16O, 12C18O16O are three 
isotopologues of CO2).

The atomic mass difference between the 
heavy and light isotopes of a given element 
leads to differences in physical (e.g. coeffi-
cients for diffusion, dissolution, evaporation, 
etc.) and chemical properties (e.g. rate con-
stants of reaction) forming the basis for iso-
topic fractionation processes occurring in the 
biosphere and during metabolism (e.g. dur-
ing enzymatic reactions involving bond for-
mation or cleavage). Fractionating processes 
are at the origin of the observed natural dif-
ferences in heavy-to-light isotope ratios 
between different compartments of the bio-
sphere (both organic and inorganic compart-
ments), between metabolites, but also 
between the atoms within molecules (see 
Fig. 3.2).

For a (bio)chemical reaction converting a 
substrate S into a product P, the isotope effect 
can be expressed as:

 α = R RS P/  (3.2)

In the case of kinetic reactions (i.e. irre-
versible reactions), the isotope effect (αk) 
corresponds to the ratio of kinetic rate con-
stants of the light to the heavy isotope (e.g. 
for carbon, αk = 12k/13k) and RS and RP are 
measured at the beginning of the reaction. 
The light isotopologue generally reacts faster 
than the heavy one, so that αk > 1 and the 
product is depleted in 13C compared with the 
substrate. For reversible reactions (i.e. oper-
ating close to the thermodynamic equilib-
rium), the isotope effect (αe) is then defined 
as a ratio of equilibrium constants (e.g. for 
carbon, αe = 12K/13K). Quite often for reac-
tions involving the making of a C-C bond, 
αe < 1 (i.e. the product is 13C-enriched com-
pared with the substrate).

Biologists use more frequently the isotope 
fractionation (or discrimination), defined as:

 ∆ α= –  1  (3.3)

In fact, the isotope discrimination can be 
conveniently rearranged using δ values:

3 Carbon Isotope Fractionation in Plant Respiration
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∆ δ − δ δ= + ( ) ( )/s pp 1  (3.4)

Because δ values are negligible compared to 
1, Δ can be approximated by the difference 
in the isotopic composition between the 
source and the product (i.e. Δ = δs – δp). It is 
thus a convenient parameter to manipulate in 
biological and ecological systems where 
fractionating processes can be very diverse 
(Fig. 3.2).

When dealing with in vivo isotopic dis-
crimination (Δ) in a metabolic context (like 

respiration), it is important to keep in mind 
that observed kinetic isotope effects will 
vary with the fraction of substrate that is 
consumed by the reaction under consider-
ation. If all of the substrate is converted to 
the product, then Δ will be equal to zero. It is 
only when the substrate is partially con-
sumed by the enzymatic reaction under con-
sideration and/or another fraction of the 
substrate has an alternative fate (i.e. meta-
bolic branching occurs) that the kinetic iso-
tope effect will be expressed. The observed 
magnitude of the fractionation will depend 

Fig. 3.2. Fractionation processes that affect the carbon isotope composition of compounds within or between 
compartments of a biological system. Pink rectangles represent compartments that can range from organelles, 
through tissues, organs up to the whole organism. S1, S2, S3 denote compounds (metabolites or components 
of structural mass) that are involved in reactions or transport associated with fractionation processes and/or 
exchange with other compartments. Metabolic or transport fluxes denoted by blue arrows can proceed without 
fractionation or be associated with thermodynamic (αe), kinetic (αk) or fragmentation fractionation. The two 
columns on the right hand side indicate isotope effects on individual compounds and/or on bulk organic mat-
ter (OM) and thus leading to a difference in isotope composition between the compartments and the external 
environment. Note that only processes involving trans-boundary transport can have an effect on the bulk isotope 
composition of the compartment considered. Reactions limited to within compartments will increase or decrease 
the heterogeneity of isotopic signatures between compounds within the compartment. Thus, they may cause a 
change in the bulk isotope composition only if reactants are exchanged across the compartment boundaries
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on the relative fluxes in competing reactions 
(for a detailed analysis see Hayes 2001). A 
typical example is the photosynthetic dis-
crimination against 13C.

B. Setting the Stage 
for Respiration: Photosynthetic 
Carbon Isotope Fractionation

Plants discriminate against 13C during photo-
synthetic CO2 assimilation. Therefore, plant 
organic matter (OM) is naturally 13C-depleted 
compared to atmospheric CO2 by on average 
around 20‰ in C3 and 4‰ in C4 plants. Net 
photosynthetic carbon isotope discrimina-
tion has been extensively studied and robust 
models have been developed and validated 
for many C3 and C4 species (Farquhar et al. 
1982, 1989). It results mainly from the inter-
play between two contrasted fractionating 
processes: the diffusion of CO2 from the air 
into the leaves through stomata and its sub-
sequent carboxylation by ribulose- 1,5- 
bisphosphate carboxylase/oxygenase 
(Rubisco), which discriminate against 13C by 
4.4‰ and 29‰ (Roeske and O’Leary 1984; 
Guy et al. 1993; McNevin et al. 2006; 
Tcherkez et al. 2013), respectively. Diffusion 
occurs across the leaf boundary layer, sto-
mata, intercellular air spaces, and cellular 
medium to the site of carboxylation. 
Hydration, facilitated by carbonic anhy-
drase, supplies HCO3

− for carboxylation by 
phosphoenolpyruvate carboxylase (PEPC) 
and feeds the pool of CO2/HCO3

− present in 
a given compartment, functioning as a buffer 
for internal carbon dioxide.

Photosynthetic discrimination can be esti-
mated using either the δ13C of bulk OM 
(integrated value during plant growth), δ13C 
of sugars (integrates about 2–3 days of pho-
tosynthetic discrimination) or measured on- 
line during leaf CO2 exchanges (instantaneous 
net photosynthetic discrimination under 
fixed conditions). However, the photosyn-
thetic discrimination and thus the 13C content 
in photosynthetic products vary between 
plant species, plant developmental stages 

and environmental conditions. While the 
instantaneous discrimination value (net pho-
tosynthesis) is physiologically the most rel-
evant, values obtained from organic materials 
should be viewed as average values. Thus, 
their biological significance is different since 
they also result from differences in residence 
times of different metabolites.

In addition, in C3 plants, there is a compe-
tition between CO2 and O2 at the active site 
of Rubisco, which can catalyze both the car-
boxylation and oxygenation of ribulose- 1,5- 
bisphosphate (RuBP), so that the relative 
rates of photosynthesis versus photorespira-
tion (carboxylation-to-oxygenation ratio) 
depend on the relative concentration of CO2/
O2 at carboxylation sites. CO2 production by 
photorespiration has been shown to discrimi-
nate by up to 12‰ against 13C (i.e. with an 
isotopic difference between released CO2 
and net fixed C of 12‰) thus blurring the 
on- line photosynthetic discrimination mea-
surements (Lanigan et al. 2008). It is the 
combination of all these concomitant pro-
cesses which determines the overall fraction-
ation between CO2 and primary 
photosynthetic products. Note that net pho-
tosynthetic discrimination against 13C is also 
influenced by anaplerotic CO2 fixation (by 
PEPC) as well as (photo)respiratory release 
of CO2 and as such can be impacted by high 
fluxes through PEPC, feeding malate into 
the TCA pathway that operates in a non- 
cyclic manner in the light (Tcherkez et al. 
2012).

Variations in photosynthetic discrimina-
tion values in C3 plants have been shown to 
be mainly due to changes in stomatal closure 
caused by changes in environmental factors, 
thereby limiting the CO2 supply to Rubisco. 
In C4 plants, the lower discrimination value 
is due to the CO2 concentrating mechanism 
involving PEPC. Variations in the discrimi-
nation value of C4 plants are mainly driven 
by the proportion of CO2 leaking from the 
bundle sheath to mesophyll cells rather than 
by stomatal closure (for a review, see 
Brugnoli and Farquhar 2000). CAM plants 
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can exhibit either a C3 or C4 photosynthetic 
metabolism depending on the environmental 
conditions. The integrated discrimination, 
as measured in the δ13C value of total 
organic matter, may thus vary in between 
the typical signatures of these two meta-
bolic types, but quite usually, is observed to 
be intermediate between the characteristic 
values of C3 and C4. The isotopic composi-
tion of plant OM can thus be used to iden-
tify the prevalent photosynthetic pathway 
(C3, C4 or CAM).

III. Respiratory Carbon Isotope 
Fractionation

As recalled above, the δ13C of leaf bulk 
OM has been first considered to reflect net 
photosynthetic discrimination. However, 
inter- organ isotopic differences have been 
repeatedly observed in plants that cannot 
be accounted for by photosynthetic dis-
crimination only (Badeck et al. 2005). In 
fact, leaves have been shown to be gener-
ally 13C-depleted compared to all other 
organs, suggesting that fractionating 
mechanisms do occur after CO2 fixation 
(reviewed by Cernusak et al. 2009). Such 
differences imply that (i) fractionating 
processes occur in the metabolism down-
stream photosynthesis, so that metabolic 
pools can have contrasted isotopic compo-
sitions, but also that (ii) some of these 
pools are either lost or transported differ-
entially between organs. There are several 
processes in plants where carbon is lost to 
the environment such as volatile organic 
compounds (VOC) emission, ablation of 
waxes, exudation, etc. Among those, respi-
ration is certainly the most important in 
terms of flux. In what follows, we will 
focus on the carbon isotope fractionation 
during respiratory processes, and how it 
can be explained by interactions in the 
metabolic network. Yet, to understand pos-
sible origins of the isotope composition in 
CO2, the end product of respiration, we 
must first have a deeper look into how car-

bon isotopes are distributed within the 
potential substrates, before they are 
oxidized.

A. Origin of Non-statistical Intramolecular 
Distribution of 13C in Carbohydrates

One of the first post-carboxylation fraction-
ation steps occurs in the Calvin cycle during 
aldolase reaction (i.e. synthesis of fructose- 
1,6-bisphosphate from triose phosphates), 
enriching in 13C the C-3 and C-4 atom posi-
tions of hexoses while leaving behind the 
light triose-phosphates at the equilibrium 
(Gleixner and Schmidt 1997). Rossmann 
et al. (1991) experimentally showed that the 
C-3 and C-4 positions of glucose molecules 
extracted from both C3 (sugar beet syrup) and 
C4 (maize flour) plants are effectively heavier 
(13C-enriched) while other carbon atom posi-
tions (C-1, C-2, C-5 and mainly C-6) are 
lighter (13C-depleted) than the average of the 
molecule. A simple model developed by 
Tcherkez et al. (2004) based on the isotope 
effects of both aldolase reported by Gleixner 
and Schmidt (1997) and transketolase (esti-
mated values) fits well the reproducible non-
statistical 13C distribution in hexose molecules 
reported by Rossmann et al. (1991), although 
not properly accounting for the 13C-depletion 
in C-6. More recently, however, the refine-
ment of quantitative 13C-NMR techniques 
has allowed the intramolecular isotopic dis-
tribution to be measured on natural glucose 
and sucrose without the need for prior chemi-
cal degradation (Gilbert et al. 2011). While 
globally confirming the isotopic pattern ini-
tially described by Rossmann et al. (1991) in 
glucose from beet sugar, this work clearly 
demonstrated that (i) the glucosyl and fructo-
syl moieties of sucrose have contrasted 13C 
distributions, especially in C-2 and C-3 atom 
positions, but also that (ii) the intramolecular 
pattern in glucose could exhibit significant 
variations depending on its origin (starch/
sucrose from either source or sink tissues), 
that cannot be accounted for by the sole 
action of aldolase and transketolases. 
Interestingly, the addition in the model cited 
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above of the isotope effects associated with 
(i) the interconversion of glucose-6- 
phosphate (G6P) by phosphoglucose isomer-
ase, and (ii) the breakdown of sucrose by 
invertase, have led to reasonably good pre-
dictions of the observed distributions, nota-
bly for the 13C-depletion in the C-6 atom 
position of glucose (Gilbert et al. 2012). 
Importantly, it means that the intramolecular 
13C pattern of glucose, generally the main 
substrate for respiration, can be modified 
downstream the Calvin cycle by starch and 
sucrose metabolism, which are variable both 
spatially (among the different tissues of the 
plant) and temporally (day/night cycle, and 
seasonal cycle). Besides, it shows that differ-
ent patterns can be found amongst 
carbohydrates.

Intramolecular isotopic heterogeneity has 
long been documented in other compounds 
such as amino acids (Abelson and Hoering 
1961; Melzer and O’Leary 1987) and lipids 
(Monson and Hayes 1980, 1982), and is 

likely to be a general feature among all 
classes of metabolites (e.g. in alkaloids; 
Romek et al. 2015, 2016). Certainly then, the 
expected developments in that area in the 
near future will be of great help to improve 
our understanding of the spatial and seasonal 
variability in the isotopic composition of 
respired CO2 (see also Sect. III.C). In fact, 
the isotope composition in specific carbon 
atom positions that are decarboxylated dur-
ing respiratory processes is crucial to antici-
pating the overall δ13C of evolved CO2, as 
discussed in what follows.

B. Differences in Isotopic 
Composition Among Metabolites

Enzymatic fractionations in metabolic path-
ways not only produce intramolecular het-
erogeneities, but also lead to substantial 
isotopic differences between metabolite 
classes. The updated survey of available 
data (Fig. 3.3) confirms the trend described 

Fig. 3.3. Difference in δ13C value (in ‰) between compound classes (δ13Csubstance) within plant organs and total organic 
matter (δ13COM), assembled from literature data. Numbers on top indicate the number of measurements. Compounds 
that are significantly 13C-enriched compared to bulk OM are indicated in blue, those that are not significantly enriched 
or depleted in green, and significantly depleted compounds in white (amino acids with low sample number) or red. 
Note the higher variance for the compound classes of shorter residence time (e.g. sugars and amino acids), that is likely 
due to dynamic changes in the photosynthetic discrimination with fluctuating environmental conditions
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by Schmidt and Gleixner (1998). Compared 
to OM, a large 13C-depletion is observed in 
lignin and lipids (around 3‰ and 5‰, 
respectively). Conversely, sugars, starch 
and cellulose are generally slightly 
13C-enriched due to the equilibrium isotope 
effect of aldolase described above. The 
depletion in lipids have been attributed to 
the fractionation against 13C of chloroplastic 
pyruvate dehydrogenase complex (PDH) 
(Melzer and Schmidt 1987), while that in 
lignin has been proposed to originate from 
phenylalanine ammonia lyase activity 
(Butzenlechner et al. 1996). Interestingly, 
amino acids are also found to be substan-
tially 13C-depleted (by about 3.5‰), but this 
isotopic signature does not seem to be con-
served in proteins (Fig. 3.3).

It must also be noted that the isotope com-
position in metabolites can vary temporally, 
as found in starch. In fact, aldolase favors 
13C in hexoses, thereby forming 13C-enriched 
transitory starch in chloroplasts, while leav-
ing behind 13C-depleted triose phosphates, 
which are then converted to sucrose in the 
cytosol. Accordingly, phloem sugars are 
13C-enriched during night-time (because 
they come from transitory starch degrada-
tion), while day-time sugars originating from 
trioses are 13C-depleted. Such a diel change 
in the 13C content of phloem sugars modeled 
by Tcherkez et al. (2004) was measured by 
Gessler et al. (2008) on Ricinus communis 
(castor bean) plants.

C. Metabolic Branching and General 
Causes for Respiratory Fractionation

There is now a strong body of evidence that 
the isotope composition in CO2 respired by 
different organs of the plant often differ from 
that in either bulk organic matter or carbohy-
drates (Fig. 3.4). This clearly illustrates the 
fact that respiratory metabolism and  anabolic 
pathways are strongly interconnected, so 

that not all glucose molecules entering gly-
colysis are eventually fully oxidized in the 
mitochondria (therefore, isotope fraction-
ations can be expressed), and/or other sub-
strates (with contrasted isotope compositions) 
can be oxidized. However, data that have 
accumulated in recent years also show a 
large variability of the apparent respiratory 
fractionation in plants (more than 10‰; 
Fig. 3.4). Understanding the origin of such a 
large range is a challenge that has triggered a 
renewed interest in the plasticity of respira-
tion. Specifically, it has highlighted the need 
for a better understanding of metabolic 
fluxes, which ultimately determine the extent 
to which potential fractionations are 
expressed throughout the metabolic network 
(Hayes 2001).

Some important features driving varia-
tions in respiratory fractionation have been 
put forward. In what follows, we will try to 
present them based on specific examples, but 
also highlight their limits based on experi-
mental evidence currently available, so as to 
point out where, in our view, further research 
efforts are needed.

1.  Apparent Respiratory Fractionation

Because the mixture of substrates effectively 
sustaining respiration (and its isotope com-
position) is in general not known when mea-
suring the isotope composition of respired 
CO2 in gas exchange systems, respiratory 
fractionation has to be expressed relative to a 
somewhat arbitrary reference, and thus the 
term ‘apparent fractionation’ is used. One 
can choose to use the isotope composition of 
total organic matter, or that of a subset repre-
sentative of a putative respiratory substrate, 
when available.

In typical conditions, dark respiration in 
plants exhibits a respiratory quotient (RQ) 
close to 1, suggesting that the main substrate 
is generally carbohydrates. Although the RQ 
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may be different from 1 or an RQ of 1 may 
result from a mixture of respiratory substrates 
of different oxidation level (as will be dis-
cussed later), in this section we chose to refer 
to the apparent fractionation defined against 
the isotope composition of the carbohydrate 
pool (generally measured as the water solu-
ble fraction, WSOM) as a reference point. 
Apparent respiratory fractionation may be 
expressed relative to the whole organic mat-
ter when assessing the role of respiration in 
driving the observed differences in isotopic 

composition between autotrophic and hetero-
trophic organs (see Ghashghaie and Badeck 
2014 for a discussion). However, when look-
ing into the variability of respiratory fraction-
ation from a metabolic point of view, 
anchoring the discussion to the most proba-
ble main substrate is preferable. WSOM is 
generally slightly heavier than OM (1–3‰), 
so that the 13C-enrichment in respired CO2 is 
artificially exaggerated when compared to 
OM. Besides, the isotope composition of 
WSOM can exhibit variations on short time 

Fig. 3.4. Frequency distribution of apparent respiratory fractionation values (ΔR) in leaves (a, c) and roots (b, 
d) of C3 herbs, C3 woody plants, and C4 herbs under varying growth conditions and measured in the dark at dif-
ferent day or night time using different methods. For leaves, only data under non-LEDR conditions are presented 
(measured during either the night or the day but after at least 15 min darkness). Leaf data from the literature are 
from 32 herbaceous C3, 29 woody C3 (including 7 coniferous) and 12 herbaceous C4 species, and root data are 
from 20 herbaceous C3 species, 9 woody C3 species (including 3 coniferous) and 5 herbaceous C4 species. ΔR is 
calculated as the difference between the carbon isotope composition of leaf or root material available in the litera-
ture [bulk organic matter (OM, left side panels) or water soluble fraction (WSOM, right side panels), considered 
as respiratory substrates], and that in leaf- or root-respired CO2 (δ13CR) as the product of respiration. Negative ΔR 
values correspond to a 13C-enrichment and positive ΔR values to a 13C-depletion in respired CO2 compared to the 
substrate. Vertical dashed lines indicate no respiratory fractionation (i.e. ΔR = 0)
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scales (diel range of up to 3‰, Werner and 
Gessler 2011) that are not apparent in 
OM. Also, it must be emphasized that WSOM 
is not only composed of carbohydrates, so 
that large variations of other compounds, 
(e.g. organic acids or sugar alcohols) can 
influence its isotopic composition. Ideally, 
the isotope composition in sucrose (which is 
generally found to be close to that of WSOM) 
would be a better reference to express respi-
ratory apparent fractionation in this context, 
but it is not available in many of the studies 
reviewed here.

2. Dark Respiration in Leaves: PDH-TCA 
Imbalance and Beyond

First systematic investigations of the isoto-
pic composition of respired CO2 in darkened 
mature leaves of herbaceous C3 plants have 
shown that released CO2 is on average 
heavier than sucrose by about 3–6‰ 
(Duranceau et al. 1999; Ghashghaie et al. 
2001). Subsequent studies suggested that the 
systematic enrichment in leaf respired CO2 
compared to WSOM is a widely distributed 
feature in plants, but also demonstrate that, 
as pointed out earlier, the range of variation 
can be quite large (Fig. 3.4).

The 13C-enrichment in leaf respiratory CO2 
has been attributed to the so called ‘fragmen-
tation fractionation’ (see Tcherkez et al. 2004). 
Glycolysis produces pyruvate, which can 
enter mitochondria and subsequently be 
decarboxylated by PDH to produce acetyl-
CoA. The C-1 atom position of pyruvate 
decarboxylated in the process originates from 
positions C-3 and C-4 of glucose that are 
13C-enriched by about 4‰ compared to the 
average isotopic composition of the molecule. 
Accordingly, acetyl-CoA carries the four 
other carbon atoms of glucose into the TCA 
(C-1, C-2, C-5, and C-6), which are relatively 
13C-depleted (see Sect. III.A). If a large 
amount of acetyl-CoA is diverted to various 
anabolic pathways (e.g. fatty acid biosynthe-

sis, secondary metabolites…) instead of fuel-
ing the TCA cycle, the respiratory CO2 efflux 
will be dominated by PDH activity, and there-
fore substantially 13C-enriched. It is thus gen-
erally accepted that the degree of imbalance 
between PDH and TCA decarboxylations in 
the respiratory flux is an important driver of 
the variability in the isotopic composition of 
respired CO2 (Ghashghaie et al. 2003; Badeck 
et al. 2005; Cernusak et al. 2009; Werner and 
Gessler 2011; Ghashghaie and Badeck 2014). 
An important assumption here is that pyru-
vate is fully committed to acetyl-CoA, so that 
the isotope effect of PDH (1.023), which 
would deplete respired CO2 in 13C, is not 
expressed. This is probably valid in darkened 
leaves where pyruvate entering mitochondria 
does not have obvious alternative fates to 
decarboxylation.

In this framework, however, accounting 
for the commonly observed respiratory frac-
tionation in leaves (around −4‰, the nega-
tive value showing that it is 13C-enriched) 
requires that the commitment of acetyl-CoA 
to TCA remains very low (around 5%, see 
Tcherkez 2010). This is because (i) for one 
fully oxidized pyruvate molecule, two CO2 
are released by the TCA when only one 
arises from PDH, and (ii) citrate synthase 
(CS) exhibits a kinetic isotope effect of about 
1.020 during the formation of citrate, further 
13C-depleting TCA intermediates when 
acetyl- CoA is not fully committed.

Yet, such a large imbalance seems unlikely 
to occur in vivo, especially in the dark. Most 
biosynthetic processes probably occur pre-
dominantly in the light, and in particular, 
fatty acid synthesis has been shown to take 
place mainly in chloroplasts (Schmid and 
Ohlrogge 2002) during the day, when light 
energy can provide the required ATP and 
NADPH, and chloroplastic PDH is activated 
(Tovar-Mendez et al. 2003). It is still possi-
ble that acetyl-CoA in the cytosol can be 
involved in lipid chain elongation and bio-
synthesis of various secondary metabolites 
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(isoprenoids, flavonoids, etc.…), even in the 
dark. However, these fluxes are unlikely to 
exceed 5–10% of the respiratory flux of 
PDH. In addition, the accepted view is rather 
that the cytosolic pool of acetyl-CoA is 
fueled by citrate exported from the mito-
chondria and cleaved by citrate lyase (Oliver 
et al. 2009). In other words, there is very lit-
tle evidence that large fluxes of acetyl-CoA 
can escape the TCA pathway. Consistently, 
no acetyl-CoA mitochondrial membrane car-
rier has been identified in Arabidopsis thali-
ana (Lee and Millar 2016). In fact, if a very 
low proportion of acetyl-CoA were to enter 
the TCA pathway, one would expect CO2 
production to largely exceed O2 consump-
tion by mitochondria, as the latter is coupled 
to the TCA pathway through NADH dehy-
drogenases and succinate dehydrogenase 
(regardless of complications that would arise 
in imbalances in ATP/ADP and NAD/NADH 
pools). This does not seem to be the case 
since (i) the RQ of darkened leaves is gener-
ally close to 1 (Noguchi and Terashima 1997; 
Tcherkez et al. 2003), and (ii) their respira-
tion rate matches reasonably well the esti-
mated ATP demand for sucrose export and 
protein turn-over (Noguchi et al. 2001).

It is also worth noting that the observed 
range of leaf respiratory fractionation spans 
values up to at least −8‰ (Fig. 3.4), which 
largely exceeds the theoretical maximum 
that can be attained based on fragmentation 
fractionation. Other explanations thus need 
to be found to explain the general 
13C-enrichment in dark-evolved CO2.

In fact, if both pyruvate and acetyl-CoA 
were nearly fully committed, one would 
expect very little respiratory fractionation to 
occur upon oxidation of carbohydrates 
(Werner et al. 2011). Interestingly, some clues 
to try and solve this conundrum can be sought 
in recent progresses toward an integrated 
view of respiratory metabolism and the plas-
ticity of the TCA cycle (Sweetlove et al. 2010; 
Tcherkez et al. 2012). Thus, because organic 

acids of the TCA pathway contribute to sev-
eral anabolic pathways, but also to redox and 
pH regulation within the cell, the cyclic nature 
of the pathway can vary considerably. This is 
clearly the case in illuminated leaves (as will 
be discussed later), where a non-cyclic flux 
mode of the TCA have been demonstrated 
using isotopic tracers (Tcherkez et al. 2009; 
Gauthier et al. 2010).

In the dark, cells largely rely on mito-
chondrial ATP production, so that such non- 
cyclic flux modes are less likely to occur. 
However, this does not preclude some inter-
mediates to be withdrawn from the cycle for 
other metabolic purposes, as long as these 
leaks are compensated for in some ways. In 
fact, it is known that citrate, and to a lesser 
extent malate, can be accumulated in the 
vacuole of plant cells in the dark (Gout et al. 
1993). Consistent with these observations, a 
recent diel flux balance model applied to C3 
leaf metabolism has predicted that up to 15% 
of citrate produced by CS at night is stored in 
the vacuole, before being remobilized during 
the day to support glutamate synthesis 
(Cheung et al. 2014). This has consequences 
regarding the isotopic composition of the 
CO2 evolved in the TCA during the night.

To understand these implications, we first 
need to come back to the fate of each indi-
vidual carbon atom position of glucose that 
is decarboxylated in the TCA pathway (posi-
tions C-1, C-2, C-5 and C-6), which, as 
pointed out earlier (Sect. III.A), are not iso-
topically equivalent. When glucose is con-
verted into pyruvate by glycolysis, positions 
C-1 and C-6 get pooled in the C-3 atom of 
pyruvate (corresponding to C-2 in acetyl- 
CoA), while positions C-2 and C-5 end up in 
the C-2 atom of pyruvate (corresponding to 
C-1 in acetyl-CoA). Complication then 
arises because the 2 carbon atoms of acetyl- 
CoA incorporated into citrate by CS are not 
immediately decarboxylated in the TCA 
pathway. None of them is decarboxylated 
upon first turn, and it is only during the sec-
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ond turn that the C-1 position of acetyl-CoA 
is lost. But from then on, because of the sym-
metry of the succinate molecule, the C-2 
position of acetyl-CoA has only 50% chance 
to be decarboxylated at each subsequent 
turn. In other words, it means that in condi-
tions where a substantial flux of organic 
acids (e.g. citrate) is withdrawn from the 
TCA, glucose atom positions C-1 and C-6 
will be underrepresented in the CO2 efflux, 
so that any isotopic disequilibrium between 
these positions and positions C-2/C-5 will 
be expressed in respiratory fractionation. 
Glucose atoms C-2/C-5 are 13C-enriched in 
comparison to positions C-1/C-6. 
Intramolecular data suggest that the 
 difference is generally around 2‰, but might 
vary with environmental conditions (Gilbert 
et al. 2012). However, it has been shown to 
be substantially larger in the fructosyl moi-
ety of sucrose (8‰), where the C-2 atom is 
strongly 13C-enriched (Gilbert et al. 2011). 
If, as hypothesized by these authors, this 
enrichment is due to the equilibrium isotope 
effect of glucose-6-phosphate-isomerase, it 
is likely to be expressed in fructose-6- 
phosphate entering glycolysis in darkened 
leaves, where the glucose-6-phosphate pool 
is constantly utilized for sucrose export.

The explanation given just above can be 
summarized with a simple numerical exam-
ple. As discussed, both pyruvate and acetyl- 
CoA are supposed to exhibit high commitments 
(>95%) to PDH and CS, respectively, so that 
the isotope effects of these enzymes are prob-
ably negligible in vivo. The isotope composi-
tion in respired CO2 can thus be calculated 
with an isotopic mass balance, summing the 
contribution of each pyruvate atom position 
to the total CO2 efflux (i.e. meaning that three 
different pools of glucose carbon atoms are 
considered: C-3/C-4, C-2/C-5, and C-1/C-6). 
The relative contribution of positions C-2/C-
5, and C-1/C-6 to the overall efflux from the 
TCA pathway can then be varied in order to 
illustrate the effect of the C-1/C-6 trapping 

when intermediates of the TCA pathway are 
being withdrawn. Starting from the experi-
mentally measured isotopic distribution in 
glucose carbon atoms, it yields slightly 
negative respiratory fractionations (i.e. 
13C-enriched CO2 compared to glucose), rang-
ing from 0 to −0.5‰, while the values of 
sucrose fructosyl extend that range to up to 
−2‰. This illustrates that the CO2 produced 
by the TCA pathway does not necessarily 
have to be 13C-depleted, as often assumed. We 
nevertheless recognize that the above calcula-
tion does not capture the whole complexity of 
the system. Notably, even relatively small 
leaks (between 5 and 15% of the flux) of 
pyruvate, acetyl-CoA, and/or 2-oxoglutarate 
could suppress this enrichment, and lead to 
slightly positive apparent fractionations (eas-
ily up to 5‰), because PDH, CS and 2-oxo-
glutarate dehydrogenase (2OGDΗ) can all 
discriminate against 13C by up to 20‰ or 
more (See Tcherkez et al. 2011a for details on 
isotope effects). Overall, it suggests that in a 
respiratory system where all commitments 
are high (85% and above), the mere interplay 
of glycolysis and TCA pathway can only 
account for apparent fractionations roughly in 
between 5‰ and −2‰. Clearly then, other 
processes must occur in darkened leaves 
where the respiratory CO2 has commonly 
been found to be heavier than WSOM by 3‰ 
to 8‰ (Fig. 3.4).

In that perspective, we must consider how 
the organic acid leaks discussed previously 
can be compensated for in order to keep the 
cycle running. The first possibility is a sus-
tained flux of cytosolic oxaloacetate (OAA), 
derived from PEP by the action of PEPC, 
into the mitochondria. The anaplerotic func-
tion of PEPC in leaves in the light has been 
known for some time (Melzer and O’Leary 
1987), and it has been shown that it can carry 
substantial fluxes in heterotrophic organs 
(around 10% of the respiratory efflux, 
Dieuaide-Noubhani et al. 1995; Bathellier 
et al. 2009). Yet, its quantitative contribution 
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in darkened leaves remains poorly docu-
mented, despite early reports of 14CO2 incor-
poration into organic acids in tobacco and 
avocado leaves in the dark (Kunitake et al. 
1959; Clark et al. 1961) and in other species 
(Nalborczyk 1978). Accounting for the iso-
tope effect of the equilibrium between CO2 
and HCO3

−, carbon fixation by PEPC dis-
criminates in favor of 13C by about 5.7‰ 
(Farquhar 1983). When operating during the 
day, it would fix mostly atmospheric CO2, 
thus strongly enriching OAA and its deriva-
tives (malate, fumarate, aspartate; Melzer 
and O’Leary 1987; Tcherkez et al. 2011b; 
Lehmann et al. 2016). Nevertheless, at night, 
when stomata are closed, PEPC will merely 
refix CO2 from respiration. No matter how 
large the flux is, its net isotope contribution 
will thus be negligible, unless a large 
 proportion of the OAA produced is not sub-
sequently decarboxylated, in which case it 
should slightly deplete respired CO2 in 13C.

Alternatively, TCA cycle intermediates 
could be fed by stored pools of organic acids. 
In Arabidospsis, both malate and fumarate 
have been shown to exhibit large diel varia-
tions, accumulating to substantial amounts 
(up to 10 μmol g FW−1) during the day, while 
decreasing sharply during the night (Chia 
et al. 2000; Pracharoenwattana et al. 2010). 
As noted above, accumulation of organic 
acids in the light is strongly supported by 
PEPC activity, so that they can be quite sub-
stantially enriched in 13C, especially in car-
bon atom positions C-4 and C-1, which can 
be decarboxylated by the TCA cycle. 
Considering the enrichment of about 20‰ 
observed in the C-4 of aspartate (Melzer and 
O’Leary 1987), it follows that even a rela-
tively modest contribution of these pools to 
the respiratory CO2 efflux (i.e. 10–20%) 
could suffice to account for the most fre-
quently observed fractionations (−3‰ to 
−6‰) during dark respiration.

Currently, no direct experimental evi-
dence is available to confirm such a hypoth-

esis, and further work is clearly needed so as 
to clarify the contribution of organic acids to 
dark respiration. However, if correct, it 
implies that the extent of the 13C-enrichment 
in leaf respired CO2 in the dark will largely 
depend on (i) the degree of accumulation of 
organic acids (such as malate or fumarate) 
during the day, which should in turn change 
their contribution throughout the night, and 
(ii) the degree of enrichment that they will 
exhibit. A recent model of Arabidopsis 
leaves predicts that the partitioning of assim-
ilates between carbohydrate and organic 
acids should exhibit a tight trade-off that will 
be modulated by the energy and redox status 
of photosynthesizing cells (Cheung et al. 
2015). In the studies cited above (Chia et al. 
2000; Pracharoenwattana et al. 2010), fuma-
rate accumulation in Arabidopsis leaves was 
tightly linked to nitrogen availability. 
Besides, one can expect that varying physi-
ological conditions will influence the rela-
tive contribution of PEPC to organic acid 
synthesis in the light, but also the isotope 
composition of its substrate, HCO3

−. Overall, 
it could thus offer a promising framework 
toward a better understanding of the vari-
ability of respiratory fractionation in leaves 
during the night.

An interesting observation in that context 
is the general trend for a reduction of the 
13C-enrichment in respiratory CO2 between 
the beginning and the end of the night illus-
trated in Fig. 3.5. It is indeed possible that the 
contribution of organic acids would decrease 
throughout the night as the vacuolar pool 
shrinks. The direction of malate flux, to or 
from the vacuole in protoplasts, has been 
shown to be dictated by a threshold value of 
the cytosolic pool (Gout et al. 1993). Note 
however that other processes are probably 
involved, such as the increasing contribution 
of recycled proteins and/or lipids, as sug-
gested by the slight decrease that has been 
observed in the RQ during the night (Noguchi 
and Terashima 1997, see also Sect. III.D).
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Fig. 3.5. Apparent respiratory fractionation (ΔR) of leaves from C3 herbs (a, d), C3 woody species (b, e) and C4 
herbs (c, f) measured at the end of the night versus ΔR values determined at the end of the day (or beginning of 
the night) from literature when both day and night data were available. Data reported under LEDR conditions 
are not used. ΔR is calculated as the difference between carbon isotope composition in leaf bulk organic matter 
(OM, circles) or water soluble fraction (WSOM, triangles) considered as potential respiratory substrates and 
that of leaf-respired CO2 (δ13CR). Negative ΔR values correspond to a 13C-enrichment and positive ΔR values to a 
13C-depletion in respired CO2 compared to plant material, shown by black and white arrows, respectively. Solid 
lines correspond to 1:1 relationships and dashed lines indicate no respiratory fractionation (i.e. ΔR = 0)

3. The Special Case of Light-Enhanced 
Dark Respiration (LEDR)

A phenomenon which seems to unequivo-
cally illustrate the impact of organic acids on 
respiratory fractionation is LEDR. LEDR 
corresponds to a transient increase in respi-

ration rates (both CO2 release and O2 con-
sumption) that occurs within the first 
15–25 min after darkening. It needs to be 
distinguished from the post-illumination 
burst (PIB). The latter occurs within the first 
minute after darkening and is presumably 
related to the decrease in the photorespira-
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tory glycine pool, while LEDR sets on after 
the end of PIB and attains maximal rates 
around 3 –4 min after darkening (Atkin et al. 
1998, and earlier work cited therein). During 
that transient time, respired CO2 has been 
found to exhibit large 13C-enrichments that 
decreased exponentially to reach a steady 
state when respiration rate stabilizes 
(reviewed in Werner and Gessler 2011). 
LEDR has been attributed to the rapid con-
sumption of an excess malate pool upon 
darkening, which triggers the activity of 
light inhibited NAD-dependent malic 
enzyme (NAD-ME) and PDH in the mito-
chondria. Consistently in Ricinus, the tran-
sient enrichment in respired CO2 could be 
satisfactorily explained by a 22%  contribution 
of the decarboxylation of the strongly 
enriched C-4 atom of malate (see above) by 
NAD-ME, which matched the reduction of 
the malate pool (Gessler et al. 2009).

Yet, it is worth noting that LEDR time 
frame is probably rather loosely defined. Most 
studies of the phenomenon, done on dark 
adapted protoplasts or leaves subjected to 
very short pre-illumination periods (10–
15 min, Heichel 1971; Reddy et al. 1991; 
Igamberdiev et al. 1997; Atkin et al. 1998), 
show a rapid bell shaped transient (within 
25 min or less). However, when measured on 
leaves taken after a longer photoperiod (>6 h), 
the pattern is slower (up to 1 h), and strongly 
temperature dependent (Azcon- Bieto and 
Osmond 1983). Besides, the bell shape only 
appears when non- photorespiratory condi-
tions are applied 20 min before darkening. 
When continuously recorded overnight, after 
a full photoperiod, leaf respiration decrease 
looks more like a single exponential decay, 
except for C4 plants (Byrd et al. 1992). A 
clear-cut distinction between LEDR and 
steady state respiration might thus be difficult 
to achieve in practice, and in fact, the isotope 
composition in respired CO2 during LEDR, 
and after 1 h in the dark, exhibits a rather good 
correlation, with a consistent offset (Fig. 3.6).

Highly 13C-enriched leaf respired CO2 has 
been reported for many C3 species (fraction-
ation of up to −13‰) after 4–5 min in the 

dark measured rapidly with TDLS (Barbour 
et al. 2007) or by rapid in-tube incubation 
(Priault et al. 2009; Werner et al. 2009; 
Wegener et al. 2010; Lehmann et al. 2015). 
Similarly, strikingly high δ13C values of up 
to −4‰ (i.e. heavier than atmospheric CO2) 
are observed in respired CO2 in C4 maize 
leaves even after about 20 min in darkness, 
thereafter declining relatively slowly to 
reach stable values (around −14‰) only 
after 1h30 in darkness, together with a 
decrease of leaf malate content (Ghashghaie 
et al. 2016). Recently, Lehmann et al. (2015) 
found that the δ13C of leaf respired CO2 
(potato plants), for both LEDR and steady- 
state conditions, was better correlated with 
that of malate than with soluble sugars, sug-
gesting that variations in malate consump-

Fig. 3.6 Apparent respiratory fractionation (ΔR) of 
leaves from C3 herbs (dark symbols) and C3 woody 
species (light green symbols) from the literature, deter-
mined after 1 h in darkness (i.e. non-LEDR conditions) 
versus values obtained at the end of the day after a few 
minutes in darkness (under LEDR conditions). ΔR is 
calculated as difference between the carbon isotope 
composition in leaf bulk organic matter (OM, circles) 
or water soluble fraction (WSOM, triangles) and that 
of leaf-respired CO2 (δ13CR). Dashed lines indicates 
no respiratory fractionation (i.e. ΔR = 0). Negative ΔR 
values correspond to a 13C-enrichment and positive ΔR 
values to a 13C-depletion in respired CO2 compared 
to plant material (shown by dark and white arrows, 
respectively). The solid line corresponds to the 1:1 
relationship and the dotted line to the linear regression 
(y = 3.86 + 1.10x, r2 = 0.85)
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tion (remobilized or synthetized de novo) 
could strongly influence the isotope compo-
sition in respired CO2 throughout the night.

Further work is thus needed to clarify the 
metabolic adjustments occurring upon dark-
ening. It is possible that pathways other than 
malate decarboxylation are involved, con-
sidering the strong effect of non- 
photorespiratory conditions just prior to 
switching to darkness. It cannot be excluded 
that the early phase of LEDR is influenced 
by the consumption of metabolic pools 
linked to photorespiration that built up in the 
light. In this regard, it is worth noting that 
serine has been shown to be strongly 
13C-enriched in Pelargonium leaves 
(Tcherkez et al. 2011b). However, photores-
piration can also significantly impact the 
redox status of the cell, and thus malate pools 
in different cell compartments. In fact the 
subcellular origin of the malate pool involved 
in LEDR is uncertain. In spinach, the drop in 
total malate content during the first 15 min 
after darkening cannot be accounted for by 
the decrease measured in both the vacuole 
and the chloroplasts, while the cytosolic pool 
remained rather constant (Gerhardt et al. 
1987), suggesting that inter-organelle regu-
lations are involved.

4. What About Leaf Respiratory 
Fractionation in the Light?

Experimental assessment of respiratory frac-
tionation in leaves in the light is a difficult 
task since (i) CO2 photosynthetic fixation 
largely dominates the net flux, and (ii) CO2 
efflux is a mixture of both photorespiratory 
(i.e. glycine decarboxylation) and respiratory 
processes per se. Indirect estimations of each 
component are possible by fitting observed 
net photosynthetic fractionation values to pre-
dicted values using an extended model for Δ 
(Lanigan et al. 2008; Tcherkez et al. 2010). 
Using such an approach, it has been calcu-
lated that respiratory CO2 efflux from illumi-
nated Pelargonium leaves is 13C-depleted as 
compared to organic matter by 0–10‰, con-

sistent with previous theoretical argument 
(Tcherkez et al. 2004, 2011b).

In the light, contrasted fractionating pro-
cesses can be suspected to occur. Both gly-
colysis and mitochondrial TCA 
decarboxylating enzymes (PDH, IDH, and 
2OGDH) are thought to be strongly down- 
regulated, so that day respiratory flux is 
probably dominated by a combination of 
chloroplastic PDH activity, and non-cyclic 
TCA pathway decarboxylations, with a 
potentially large involvement of cytosolic 
bypasses (Sweetlove et al. 2010; Tcherkez 
et al. 2012). PDH in the chloroplast is fueled 
by triose-phosphates, which are slightly 
13C-depleted (Gleixner et al. 1998), and will 
probably further fractionate against 13C since 
pyruvate is likely to be diverted for a range 
of biosynthetic processes in the light (e.g. 
pyruvate derived amino acids and their 
derivatives). Similarly, a large part of the 
2OG pool can be used to form Glu to sustain 
nitrate assimilation, so that the isotope effect 
of 2OGDH (probably close to 1.020) can be 
expressed, although the flux it carries might 
be rather small. On the other hand, labeling 
experiments suggest that a substantial pro-
portion of respired CO2 in the light comes 
from stored carbon pools (40–86%, Pärnik 
and Keerberg 2006; Tcherkez et al. 2010, 
2011b), which could be organic acids accu-
mulated in the night (e.g. citrate or malate, 
see above). Depending on their degree of 
enrichment, their contribution can partly 
compensate for the depleting effects of 
decarboxylases. Still, one might expect 
organic acids accumulated at night to be less 
13C-enriched than those accumulated in the 
light, since PEPC activity likely refixes an 
important proportion of 13C-depleted respired 
CO2 in the dark.

5. The Role of the PPP as Illustrated 
in Roots

Heterotrophic organs of plants entirely rely 
on the constant export of photosynthetic 
products from autotrophic organs (leaves) 
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through the phloem. Respiration is their 
main source of energy to sustain cellular 
functioning and biosynthesis (except in con-
ditions that favor fermentation), so that it 
exhibits much less diurnal variability than in 
leaves. In roots, where it has been the most 
extensively studied, the isotopic composi-
tion of respired CO2 is also less variable than 
in leaves, and on average, slightly 
13C-depleted compared to WSOM (Fig. 3.4).

Labeling experiments on French bean 
have shown that the organization of the 
respiratory metabolic network in roots shares 
some similarities with that of darkened 
leaves described above (Bathellier et al. 
2009). The TCA pathway functions as a 
cycle, and the commitment of mitochondrial 
acetyl-CoA to CS is probably relatively high. 
In fact, fatty acid synthesis also occurs in 
plastids in roots (at low rates), which possess 
their own PDH, supplied directly from cyto-
solic pyruvate (Fisher and Weber 2002). A 
substantial part of TCA intermediates are 
also abstracted from the cycle mostly to form 
glutamate and aspartate for nitrogen assimi-
lation. This feature would be further ampli-
fied in conditions where organic acid 
exudation is high. Accordingly, an important 
flux through PEPC has been found to occur, 
compensating for the abstraction of TCA 
intermediates. Following the arguments 
exposed for darkened leaves, root respiration 
would thus be expected not to be associated 
with a large fractionation, potentially slightly 
negative (i.e. in favor of 13C) because of both 
the trapping of positions C-1/C-6 of glucose 
in abstracted TCA intermediates, and the 
activity of plastidial PDH. Yet, these effects 
are probably counterbalanced by the isotope 
effect of 2OGDH (which can be expressed 
due to a branching point at 2OG, used for 
both Glu and succinate synthesis).

That said, a significant proportion of 
respired CO2 in roots is believed to come 
from the activity of the oxidative pentose 
phosphate pathway, PPP (20–25%; Dieuaide- 
Noubhani et al. 1995; Bathellier et al. 2009). 
Oxidative PPP activity is important in pro-

viding NADPH for nitrate reduction and 
fatty acid synthesis (Bowsher et al. 2007). 
During the oxidative phase of PPP, 
6- phosphogluconate dehydrogenase 
(6PGDH) decarboxylates 6-phophogluco-
nate to form ribulose-5-phosphate, releasing 
the C-1 atom of glucose as CO2. 6PGDH has 
been shown to exhibit a kinetic fractionation 
against 13C of around 9.6‰, while being also 
capable of reversible catalysis thereby giv-
ing an equilibrium fractionation in favor of 
13C of about 4‰ (Rendina et al. 1984). The 
classical textbook view is that the reactions 
of the oxidative phase of the PPP are mostly 
irreversible in vivo (Tobin and Bowsher 
2005). However, a recent estimate of the 
standard Gibbs free energy of reaction (ΔGr

0) 
for the decarboxylation of 6- phophogluconate 
(using the component contribution method; 
Noor et al. 2013) predicts a rather high in 
vivo value of around +8 kJ/mol (Tepper et al. 
2013). It is likely then that 6PGDH must 
exhibit quite a substantial degree of revers-
ibility in vivo, which will vary depending on 
the relative concentration of 
6- phospogluconate to ribose-5-phosphate. 
The effective isotope effect at this step can 
thus be expected to be rather small. However, 
the first enzyme of the PPP, glucose-6- 
phosphate dehydrogenase (G6PDH) frac-
tionates by 16.5‰ against 13C in the C-1 
atom position of glucose (Hermes and 
Cleland 1984), which is subsequently decar-
boxylated by 6PGDH. G6PDH thus tends to 
deplete in 13C the CO2 released by the 
PPP. Still, it must be pointed out that in a 
specific case where oxidative PPP would be 
predominantly active in plastids, the com-
mitment of Glc-6-phosphate to chloroplastic 
G6PDH can be high (provided little starch 
synthesis occurs), so that the isotope effect is 
not expressed. Therefore, if 6PGDH oper-
ates close to equilibrium, the oxidative PPP 
would then contribute 13C-enriched CO2 (up 
to 4‰ compared to Glc C-1) to the respira-
tory efflux.

Taken all together, the isotopic contribu-
tions of PDH, TCA and oxidative PPP in 
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roots fit reasonably well the range of 
observed respiratory fractionations (−4‰ 
to 4‰; Fig. 3.4). We nevertheless recog-
nize that occurrence of more negative 
respiratory fractionations (below −4‰), if 
they were to be confirmed, cannot easily be 
accounted for without the consumption of 
13C-enriched substrates. Since organic 
acids accumulated in leaves in the light are 
the only obvious 13C-enriched pool, it 
would imply transport processes. Such pro-
cesses are possible (e.g. Peuke et al. 1996), 
but further work would be required to 
establish their implication in respiration of 
heterotrophic organs. The existence of 
other 13C-enriched pools in the roots is still 
possible, but remains to be demonstrated. 
Notably, in respiring heterotrophic organs, 
the isotopic composition of CO2/HCO3

− in 
cells should be much less influenced by 
atmospheric CO2 than in illuminated leaves 
with open stomata, especially in under-
ground organs such as roots, as many 
respiring organisms contribute to the over-
all CO2 pool in the soil. Thus in these tis-
sues there is less room for carboxylases 
like PEPC to produce strongly 13C-enriched 
metabolites, although this will be depen-
dent on their specific conductance to CO2 
and respiration rates.

D. Variations in the Substrate 
Mixture Sustaining Respiration

The above discussion was focused on condi-
tions where respiration oxidizes carbohy-
drates, so that the RQ is close to 1. Although 
this is certainly the most common situation, 
there are both environmental and develop-
mental circumstances that lead plant respira-
tion to consume alternative substrates to 
sustain ATP production in mitochondria. 
This has been clearly illustrated in French 
bean leaves under prolonged darkness (up to 
2 weeks; Tcherkez et al. 2003). As the carbo-
hydrate pool collapses, lipids and proteins 

are remobilized (providing acetyl-CoA, TCA 
intermediates, and/or pyruvate) and maintain 
mitochondrial activity. This switch in respi-
ratory substrates is accompanied by a marked 
decrease of the RQ, which correlates with a 
13C-depletion in respired CO2, reaching val-
ues consistent with the isotopic composition 
of lipids and proteins. A switch similar to 
that artificially induced by prolonged dark-
ness can be expected during plant senes-
cence. Also, as discussed earlier, respiration 
decreases throughout the night (together 
with the carbohydrate pool), suggesting that 
the contribution of the constant turn-over of 
proteins and membranes probably increases, 
thus depleting respired CO2 in 13C (Fig. 3.5).

Switches between substrates can also be 
expected across ontogenetic developmental 
stages, especially when seeds contain non-
starchy reserve types. In peanut seeds (which 
contain about 50% lipids), lipid remobiliza-
tion starts progressively during the early 
stages of germination. Consistently, the iso-
topic composition of respired CO2 in the 
emerging radicle and leaves becomes pro-
gressively 13C-depleted as lipid contribution 
increases in the respiratory substrate mix 
(Ghashghaie et al. 2015), while it remains 
rather constant in the case of the starch-con-
taining French bean seeds (Bathellier et al. 
2008). However, the depletion in respired 
CO2 is not accompanied by a change in 
respiratory apparent fractionation, because 
lipids reserves are converted to carbohy-
drates through the glyoxylate cycle and glu-
coneogenesis before being exported to 
developing organs. In oil-containing seeds, 
the glyoxylate cycle converts two acetyl- 
CoA molecules, resulting from fatty acid 
breakdown, to succinate (Fig. 3.1). Succinate 
leaving the glycoxylate cycle transports the 
relatively 13C-depleted carbon stored in lip-
ids to the mitochondrion where (after being 
converted to malate and oxaloacetate) it can 
be either directly used by the TCA pathway, 
exported to the cytosol (malate-oxaloacetate 
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shuttle), or used to fuel gluconeogenesis. 
Despite the likely contribution of 
13C-depleted lipids as substrates, peanut cot-
yledons exhibited a negative respiratory 
fractionation (i.e. in favor of 13C) during the 
heterotrophic phase of germination, suggest-
ing either that inverse fractionations are 
associated with the metabolism of lipid 
remobilization, or that their respiration is 
also fuelled by stored carbohydrates (see 
Ghashghaie et al. 2015 for a more detailed 
discussion).

It is worth noting that the time course of 
the respiratory fractionation in growing 
organs during ontogeny is so that the isotope 
composition in respired CO2 eventually 
reaches the typical values observed in mature 
plants after the onset of autotrophy, in both 
C3 and C4 plants (see Bathellier et al. 2008 
and Ghashghaie et al. 2015 for C3 legumes, 
and Ghashghaie et al. 2016 for C4 maize), 
and this effect cannot be accounted for by a 
simple switch in respiratory substrates (i.e. 
from remobilized reserves to photosynthetic 
assimilates). Rather, it must reflect flux 
changes in primary carbon metabolism that 
occur when leaves become photosyntheti-
cally active.

IV.  Conclusions

The recently renewed interest in studying the 
isotope signature of respired CO2 arises from 
the non-invasive nature of isotopic measure-
ments of CO2. In fact, it allows monitoring 
metabolic activities in systems which cannot 
be replicated and destructively sampled, 
including the entire biosphere (Ciais et al. 
1995; Fung et al. 1997; Kaplan et al. 2002) 
or entire ecosystems (Yakir and Wang 1996; 
Buchmann et al. 1998; Ogée et al. 2003; 
Knohl et al. 2005; Tu and Dawson 2005; 
Bowling et al. 2008; Wehr and Saleska 
2015). At the single plant level between- 
species differences in ΔR might be related to 

the growth rate (Ocheltree and Marshall 
2004) and the production of secondary aro-
matic metabolites (Werner et al. 2007) sug-
gesting other potential applications for  
in vivo diagnosis. A better knowledge of 
fractionation steps and respiratory metabo-
lism will be instrumental to better under-
stand the origin of the δ13C value in respired 
CO2 and its physiological significance.

Data accumulated in the past 15 years on 
the isotope composition of CO2 respired by 
plants clearly demonstrate that a respiratory 
fractionation does occur, but it is strikingly 
variable. Throughout this chapter, we have 
provided hypotheses to explain the origin of 
the isotope composition in respired CO2 but 
refinements are to be expected, after having 
integrated more knowledge on respiratory 
metabolic fluxes and metabolic compartmen-
talization within cells. Difficulties have to be 
anticipated to fully explain the very wide 
range of isotopic variation that is observed, 
highlighting the complexity and plasticity 
of the underlying metabolic network. 
Particularly striking is the fact that the respi-
ratory fractionation (in autotrophic organs) is 
more often found to be in favor of 13C, while 
most decarboxylating enzymes discriminate 
against 13C, and most metabolites analyzed so 
far are 13C-depleted as compared to carbohy-
drates. This simple observation leverages 
two comments. First, energetic imperatives 
of respiratory metabolism might require a 
rather linear organization of catabolism, i.e., 
with limited metabolic branching, so that 
enzyme kinetic isotope effects are not 
expressed in vivo to a significant extent. 
Second, isotopically heavier yet unknown 
metabolites may exist, or there is a system-
atic 13C-enrichment in C atom positions that 
are decarboxylated. In any case, a more thor-
ough investigation of the intramolecular iso-
topic distribution in different classes of 
metabolites is needed in order to move one 
step further in the understanding of respira-
tory fractionation in plants.
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I. Introduction: Rising Atmospheric 
CO2 and Climate Change

Researchers at the Mauna Loa Observatory 
in Hilo, Hawaii have been measuring atmo-
spheric carbon dioxide (CO2) concentra-
tions since the late 1950s. These data 
comprise one of the most consistent and lon-
gest running direct observations of atmo-
spheric CO2 compiled to date. In April of 
2014, for the first time in the record’s his-
tory, observed atmospheric CO2 concentra-
tions exceeded 400 parts per million (ppm; 
Fig. 4.1). To place this number in context, 
ice core data has shown that in the last 
650,000 years, a time frame that spans the 
entire existence of Homo sapiens, CO2 lev-
els have not risen above 300 ppm 
(Siegenthaler et al. 2005).

Summary

Earth is currently going through a period of unprecedented, exponential change. As a result, 
the world’s flora are experiencing novel environmental conditions. One of the most steady, 
ongoing global changes is the rise in atmospheric carbon dioxide (CO2). Atmospheric CO2 
levels are the highest they’ve been in 650,000 years and are continuing to increase. The rate 
at which land plants take up and release CO2 through photosynthesis and respiration, respec-
tively, will significantly influence the trajectory of atmospheric CO2 change in the future. 
This chapter explores the physiological mechanisms underlying the response of plant CO2 
release (i.e., respiration) to changing atmospheric CO2 concentrations. Both short- (seconds 
to minutes) and long- (weeks to years) term responses are discussed. Over relatively short 
timescales, CO2 can alter respiratory physiology, but counterbalancing responses may result 
in no change in gross respiration. Longer-term responses of respiration to CO2 are likely to 
be determined by changes in the supply of respiratory substrates and demand for respiratory 
products. Additionally, the interaction between respiration responses to CO2 and other global 
change factors, such as temperature, precipitation, and nitrogen, are considered. In many 
cases, results from experiments examining these interactions indicate weaker responses than 
theory might suggest. Finally, the representation of plant respiration in the large-scale mod-
els used to project climate change is examined. This section highlights the simplicity of cur-
rent model representations, which do not explicitly include direct responses of plant 
respiration to elevated CO2. Recommendations for model improvement are suggested. It is 
essential that plant physiologists and modelers work together to improve the representation 
of these processes in large-scale models in order to increase confidence and reduce uncer-
tainty in projections of future biosphere-atmosphere CO2 feedbacks.
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Fig. 4.1. Atmospheric CO2 flask data from the Mauna 
Loa Observatory. Monthly and yearly averaged carbon 
dioxide (CO2) flask data recorded at the Mauna Loa 
Observatory from March 1958 to March 2016. The 
black and red lines show monthly and yearly averages, 
respectively. Data was made available by Dr. Pieter 
Tans, NOAA/ESRL (www.esrl.noaa.gov/gmd/ccgg/
trends/) and Dr. Ralph Keeling, Scripps Institution of 
Oceanography (scrippsco2.ucsd.edu/)

Nicholas G. Smith

http://www.esrl.noaa.gov/gmd/ccgg/trends
http://www.esrl.noaa.gov/gmd/ccgg/trends


71

As human populations continue to grow 
and emit fossil fuels at unprecedented rates, 
atmospheric CO2 concentrations will con-
tinue to rise. Representative concentration 
pathways (RCPs) are trajectories adopted by 
the Intergovernmental Panel on Climate 
Change (IPCC; IPCC 2013) to project how 
greenhouse gas concentrations (including 
CO2) may change in the future (Meinshausen 
et al. 2011). Under the scenario representing 
the greatest reduction in anthropogenic 
greenhouse gas emissions (RCP 2.6), CO2 
concentrations peak around the year 2050 
and stabilize near 400 ppm. Under the “busi-
ness as usual” scenario that mirrors the cur-
rent trajectory, atmospheric CO2 
concentrations are projected to continue to 
rise throughout the twenty-first century, 
reaching nearly 1000 ppm by 2100 (van 
Vuuren et al. 2011). As such, it is highly 
unlikely that the relatively high atmospheric 
CO2 levels that Earth has experienced since 
the turn of the twenty-first century will be 
reduced in the near future. It is likely that 
atmospheric CO2 concentrations will con-
tinue to increase.

The response of terrestrial vegetation to 
this and other global changes will play a 
significant role in determining the rate and 
magnitude of future atmospheric CO2 
changes. CO2 uptake and release from the 
land surface constitute the largest fluxes of 
carbon between the atmosphere and the 
Earth’s surface. These fluxes are over 10 
times greater than the flux of carbon from 
fossil fuel emissions (IPCC 2013). 
Terrestrial carbon uptake is driven by pho-
tosynthetic assimilation of CO2. Terrestrial 
ecosystems release CO2 through respiration 
by plants and soil, fluxes that are nearly 
equivalent at the global scale and, com-
bined, are nearly equal in magnitude to 
photosynthetic CO2 assimilation (Amthor 
1995; IPCC 2013). Because of the magni-
tude of photosynthetic and respiratory 
fluxes on land and the small current differ-

ence between the two, even slight perturba-
tions to either flux can have a large effect on 
the global carbon cycle.

Future increases in atmospheric CO2 
will undoubtedly influence photosynthe-
sis. The enzyme that catalyzes CO2 during 
photosynthesis, Ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco), also 
catalyzes oxygen (O2). As such, the rate of 
carboxylation by Rubisco is determined by 
the ratio of internal CO2 to O2 (at the site 
of carboxylation). In principle, a more 
CO2-rich environment will enhance car-
boxylation rates and, thus, rates of photo-
synthetic CO2 assimilation. However, this 
response may change over time. The 
down-regulation of Rubisco, nutrient limi-
tation, and/or stomatal closure may reduce 
photosynthetic rates under longer-term 
exposure to elevated CO2 (Ainsworth and 
Long 2005).

Elevated CO2 will also likely influence 
the rate of respiration by plants, but in such a 
manner that may change with time (Drake 
et al. 1997). This chapter concerns the effect 
of changes in atmospheric CO2 concentra-
tions on plant respiration. I first briefly dis-
cuss plant respiration in a general sense, 
including respiration in light and darkness, 
as this is necessary for understanding respi-
ratory responses to environmental drivers, 
including CO2. Thus, this chapter will cover 
physiological mechanisms underpinning 
respiratory responses to CO2. First, I describe 
short-term responses of respiration to CO2. 
Given that atmospheric CO2 is expected to 
increase gradually at a steady rate (IPCC 
2013), I also discuss longer-term responses. 
As other environmental drivers are expected 
to change with rising CO2, the following sec-
tion will discuss the crossed effects of CO2 
and other environmental conditions on plant 
respiration. The last section will provide an 
overview of large-scale implications for pro-
jecting future biosphere-atmosphere 
feedbacks.
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II. Respiratory Physiology 
and Respiratory Demand

A.  The Tricarboxylic Acid Cycle

ATP produced in the chloroplasts is used for 
photosynthesis and stromal biosynthesis, 
while cytosolic (glycolytic) and mitochon-
drial (TCA cycle) catabolism fueled by tri-
ose phosphates or remobilized carbon 
sources yield ATP which is in turn used for 
sucrose generation and export, and other bio-
synthesis and maintenance processes 
(Hoefnagel et al. 1998).

The TCA cycle (or Krebs cycle Fig. 4.2) 
starts from pyruvate (produced by glycoly-

sis) converted to acetyl coenzyme A (ace-
tyl-CoA). Then, acetyl-CoA condenses 
with oxaloacetate to form citrate, a tricar-
boxylic acid. Citrate is then converted to 
isocitrate, 2-oxoglutarate, succinate, fuma-
rate, malate, and back to oxaloacetate, 
which is used to start the cycle over again 
(Fig. 4.2). Two reactions are associated 
with CO2 production. NADH generated by 
the TCA cycle is re-oxidized thereby con-
suming O2 and generating ATP. While the 
TCA cycle operates as a proper cycle in 
the dark, it is believed to break down into 
two separate branches in the light and 
therefore, the respiratory pathway in illu-
minated leaves has been referred to as the 
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Fig. 4.2. Cartoon representation of the tricarboxylic acid cycle (TCA cycle; in dark) and tricarboxylic acid 
pathway (TCAP; in light). (Left) Simplified representation of catabolism in which pyruvate is formed by glycoly-
sis and converted into acetyl-CoA. Then acetyl-CoA enters the cycle and is further oxidized releasing CO2 and 
ultimately providing the compound (oxaloacetate) needed to begin the next round of the cycle. (Right) A version 
of the TCA cycle in light as proposed by Tcherkez et al. (2009), who suggested that the cycle is broken into two 
separate pathways. The right hand side involves the use of stored citrate to produce glutamine/glutamate (red 
arrows). The other pathway involves the flow of triose phosphates to oxaloacetate, malate, and fumarate produc-
tion with little flow of oxaloacetate to citrate (purple arrows). The work of Tcherkez et al. (2012) suggested that 
under short-term exposure to elevated CO2, the cycle may close (black dashed arrows) (Figure adapted from 
Griffin and Heskel 2013)
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tricarboxylic acid pathway (TCAP; 
Tcherkez et al. 2012). The TCAP can thus 
be imagined as two parts. In one pathway, 
stored citrate, rather than citrate produced 
from acetyl-CoA and oxaloacetate, is used 
for glutamine/glutamate formation (nitro-
gen assimilation). In the other, triose phos-
phates are used to produce oxaloacetate 
(via phosphoenolpyruvate carboxylation) 
and then malate and fumarate (Fig. 4.2; 
Tcherkez et al. 2012; Griffin and Heskel 
2013). It is possible that these pathways 
become linked under elevated CO2 
(Fig. 4.2; Tcherkez et al. 2012), a point 
that is discussed in the following section. 
Nonetheless, this modification of meta-
bolic fluxes in the TCA cycle in the light 
contributes to the often-observed reduc-
tion in respiration in light (e.g. Tcherkez 
et al. 2005).

B.  Respiratory Supply and Demand

The products of mitochondrial respiration 
(ATP) are used for cellular maintenance and 
growth (Gifford 2003). Therefore, the rate 
of respiration is determined, in part, by 
forces of supply and demand. The supply 
side consists of substrates necessary to sus-
tain respiration. These are the carbon mol-
ecules that are produced during 
photosynthetic assimilation or remobiliza-
tion of reserves. The demand side is driven 
by growth (Lambers et al. 1983) and main-
tenance (Amthor 1984) requirements. 
Demand for respiratory products is thought 
to drive respiration when the adenylate pool 
is turned-over quickly so that adenosine 
diphosphate (ADP) appears to be limiting 
(Beevers 1974; Bingham and Farrar 1988). 
Conversely, substrate supply is considered 
to be more important when ADP is not lim-
iting (Breeze and Elston 1978; Azcón-Bieto 
and Osmond 1983). Rates of respiration can 
thus be influenced directly by environmen-

tal conditions (e.g. enzymatic rates increase 
with temperature (Ryan 1991)), but also by 
their effect on supply or demand. 
Unfortunately, this interplay between direct 
and indirect effects, particularly with 
regards to CO2 responses, can make it dif-
ficult to predict respiratory responses to a 
changing environment.

III. Plant Respiration Responses 
to CO2

A. Short-Term Respiration 
Responses to Elevated CO2

A number of studies have explored whether 
short-term (minutes to hours) changes in 
atmospheric CO2 concentration influence 
plant respiration. Initially, it was concluded 
that autotrophic respiration declines by as 
much as 20% when atmospheric CO2 is dou-
bled (Drake et al. 1997). This led researchers 
to suggest that this reduction could lead to an 
increase storage of 3 Gt of carbon per year 
under future conditions (Drake et al. 1999). 
However, more recent research has revealed 
that this effect was likely due to measure-
ment artifacts and that, while respiratory 
machinery is certainly influenced by changes 
in atmospheric CO2, gross respiratory flux is 
likely relatively insensitive to short-term 
changes in CO2 (Gonzalez-Meler et al. 
2004). However, the mechanistic underpin-
nings of this response, discussed below, are 
not trivial and may well be important for 
understanding future responses.

The overall effect of CO2 on respiratory 
O2 consumption (by the mitochondrial elec-
tron transport chain) appears to be compli-
cated. On the one hand, increased 
atmospheric CO2 has been shown to inhibit 
mitochondrial enzyme functioning. The pri-
mary enzymes affected are cytochrome c 
oxidase and succinate dehydrogenase, as 
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was seen in mitochondria isolated from the 
cotyledon and roots of Glycine max 
(Gonzalez-Meler et al. 1996). But on the 
other hand, an increase in the activity of the 
alternative oxidase (AOX) can mask the 
cytochrome c effect. For example, Gonzalez-
Meler et al. (2004) used an oxygen isotope 
technique (Ribas-Carbo et al. 1995) to parti-
tion oxygen uptake by the cytochrome and 
AOX under different levels of CO2 (ambient 
and ambient +360 ppm CO2). They found 
that, while the activity of the cytochrome 
pathway was inhibited, increases in AOX 
activity resulted in no significant change in 
total mitochondrial O2 consumption 
(Gonzalez-Meler et al. 2004). Furthermore, 
because more respiratory enzymes are pres-
ent in the mitochondria than are needed to 
support normal functioning (Gonzàlez-
Meler and Siedow 1999; Atkin and Tjoelker 
2003), a decrease in enzymatic activity could 
be compensated for via an increase in total 
active enzyme levels (Gonzalez-Meler et al. 
2004). These factors could, thus, contribute 
to the observed lack of instantaneous 
response in respiration to elevated CO2 seen 
after measurement artifacts (for reference 
see Jahnke 2001; Jahnke and Krewitt 2002) 
have been accounted for (Gonzalez-Meler 
et al. 2004).

The effect of CO2 concentration on respi-
ratory CO2 production rate is also rather 
uncertain. As stated above, the TCA pathway 
forms two distinct branches in the light, rely-
ing on stored citrate to assimilate N and tri-
ose phosphates to produce C4-acids (Fig. 4.2). 
It has been shown that the connection point 
in the TCA cycle (2-oxoglutarate conversion 
to fumarate via succinate) that is restricted in 
the light may be reconnected under elevated 
CO2 (Fig. 4.2). Tcherkez et al. (2012) used 
isotopically labeled citrate to show that ele-
vated CO2 could partially close the TCA 
cycle, with increased 13C enrichment in 
fumarate but not in glutamate or glutamine; 
accordingly, the relative 13C-commitment to 
2-oxoglutarate was found to be proportion-

ally lower. This suggests a rather compli-
cated kinetic partitioning of TCA 
intermediates at elevated CO2, maybe due to 
concurrent reactions (isocitrate dehydroge-
nase isoforms) occurring in both the cytosol 
and the mitochondria. Nonetheless, it is 
somewhat uncertain whether or how CO2 
will influence the overall decarboxylation 
rate (and the light inhibition of respiration 
compared to the dark), since experimental 
data (mostly obtained using the Kok effect) 
show either an increase (e.g. Ayub et al. 
2014), a decrease (e.g. Wang et al. 2001; 
Shapiro et al. 2004), or no change (e.g. Ayub 
et al. 2011; Kroner and Way 2016) in light 
inhibition under elevated CO2. However, it 
has been shown that respiration in the light is 
positively correlated with photorespiration 
(Tcherkez et al. 2008, Griffin and Turnbull 
2013), which may reflect an increased 
demand for TCA intermediates to sustain 
photorespiratory NH2 recovery (Tcherkez 
et al. 2008; Abadie et al. 2016). An increase 
in CO2 concentration should in principle 
decrease photorespiration by shifting the 
kinetic partitioning of Rubisco towards car-
boxylation and away from oxygenation, and 
therefore down-regulate respiration in the 
light. However, after some time, plant 
responses to CO2 include concurrent changes 
in plant machinery such as protein content. 
In other words, when grown under elevated 
CO2 for longer periods of time (e.g. months 
or years), plant responses differ significantly 
from those seen in response to short-term 
changes in CO2 concentration (Drake et al. 
1997; Gonzalez-Meler et al. 2004).

B. Long-Term Respiration 
Responses to Elevated CO2

Unlike other expected global changes such 
as temperature and precipitation, which can 
vary within and across seasons, the increase 
in atmospheric CO2 is occurring steadily 
and, despite seasonal variations of ~4 ppm 
(Fig. 4.1), the progressive increase in CO2 is 
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expected to continue for the foreseeable 
future (IPCC 2013). As such, understanding 
longer-term (e.g. years) responses is more 
critical than shorter-term (e.g. hours) 
responses for projecting future biosphere-
atmosphere feedbacks. In fact, in compari-
son to the direct, short-term effects of 
elevated CO2, such as enzymatic activity 
(see previous section), indirect, long-term 
effects are likely to be the primary drivers of 
plant respiration responses to elevated CO2 
on time scales relevant to global CO2 change. 
These indirect effects are likely to manifest 
themselves through respiratory acclimation 
to CO2 (Drake et al. 1997; Smith and Dukes 
2013), which is typically related to a change 
in the respiratory machinery, that is, the 
respiratory enzyme levels. This acclimation 
can result from (1) an increase in tissue car-
bohydrate content, (2) a reduction in photo-
respiration, (3) a reduction in tissue protein 
content (Drake et al. 1997), or (4) an increase 
in mitochondria (e.g. Griffin et al. 2001; 
Wang et al. 2004). In what follows, these 
four hypotheses are briefly discussed.

1.  Tissue Carbohydrates

Under elevated CO2, plants typically increase 
their photosynthetic rates, even following a 
down-regulation of Rubisco activity (Leakey 
et al. 2009a). This increases the amount of 
photosynthate produced, which ultimately 
elevates the amount of substrate available 
(i.e., supply) for respiration (e.g. Azcón-
Bieto and Osmond 1983), the energy needed 
(i.e., demand) to transport the additional car-
bohydrates (e.g. Bouma et al. 1994; Körner 
et al. 1995), and cytochrome pathway activ-
ity (e.g. Gonzàlez-Meler et al. 2001). Each 
of these effects can stimulate plant respira-
tion rates. In fact, research has shown that 
the long-term respiratory rates of Hordeum 
distichum are primarily controlled by carbo-
hydrate concentrations (Williams and Farrar 
1990), which suggest that changes to sub-
strate supply via photosynthetic responses to 

elevated CO2 might indirectly alter autotro-
phic respiration rates.

2.  Photorespiration

Reductions in photorespiration in plants 
grown at elevated CO2 could reduce the need 
for mitochondrial proteins and functions 
(Drake et al. 1999; Gonzalez-Meler et al. 
2004) because proteins involved in photores-
piratory metabolism (such as the glycine 
decarboxylase-serine hydroxymethyltrans-
ferase complex) and photorespiratory prod-
ucts (such as NADH) represent a considerable 
proportion of total matrix proteins and 
NADH pool, respectively (Douce et al. 
2001). In fact, it has shown that, under ele-
vated CO2, respiration decreases in the leaves 
of C3, but not C4, species, and no reductions 
were seen in respiring, non-leaf tissues 
(Azcon-Bieto et al. 1994). This response 
indicates a possible link to photorespiration 
because photorespiration only occurs in 
leaves and photorespiration rates are much 
lower in C4 compared to C3 species.

3.  Tissue Protein Content

In general, plants grown under elevated CO2 
have lower protein contents in their tissues, 
which is considered to be an acclimation 
response related to increased plant efficiency 
under elevated CO2 (Drake et al. 1997; 
Leakey et al. 2009a). If the general decrease 
in proteins were strictly reflected in lower 
protein levels of respiratory enzymes, then 
respiration rates in plants grown under ele-
vated CO2 would decrease on a surface area 
or dry matter basis. Lower protein levels can 
be the result of direct plant acclimation to 
CO2, but may also be due to a progressive 
loss of soil nutrients needed to sustain ele-
vated respiration under high CO2 (Reich et al. 
2006), which has been seen to occur at the 
ecosystem level in some large-scale elevated 
CO2 studies (e.g. Norby et al. 2010). 
Nonetheless, research has shown that reduced 
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leaf nitrogen levels at elevated CO2 experi-
ments is typically tied to reductions in photo-
synthetic, rather than respiratory enzymes, 
Rubisco in particular (Long et al. 2004). 
Accordingly, Aranjuelo et al. (2015) found 
that leaf respiration in Triticum durum 
increased under elevated CO2 when expressed 
on a per mass of protein rather than per leaf 
area basis, suggesting a remobilization of 
nitrogen to respiratory metabolism.

4.  Number of Mitochondria

Plants grown under elevated CO2 have been 
shown to have an increased number of mito-
chondria per cell (e.g. Griffin et al. 2001 
Wang et al. 2004). This effect may appear 
paradoxical considering the potential reduc-
tion in respiratory enzymatic activity men-
tioned above. A meta-analysis of multiple 
studies has shown that the response of the 
respiration rates of leaves to changes in CO2 
is not related to changes in the number of 
mitochondria or soluble or membrane 
enzyme activity, which indicates that the 
response of respiratory machinery to ele-
vated CO2 is likely due to altered mitochon-
drial function (down-regulation of 
metabolism) rather than a change in the 
mitochondriome itself (Gonzalez-Meler 
et al. 2004).

Taken as a whole, this suggests that, under 
long-term elevated CO2, there could be either 
an increase (greater substrate availability, 
more mitochondria) or decrease (reduced 
photorespiration, lower protein content, and 
increase in non-respiratory functions of 
mitochondria) in plant respiration. The rela-
tive weight of each response may vary 
depending on the metabolic context and 
environmental conditions other than CO2. 
For example, fast-growing species may 
show a more significant respiratory enhance-
ment than slow-growing species since in 
fast-growing species, the respiratory demand 
is larger and thus possibly more sensitive to 
environmental changes. Also, plants in more 
nutrient-rich (N-rich) environments may 

also show a greater increase in respiration 
under elevated CO2, since the progressive 
nutrient depletion of the environment does 
not occur rapidly.

IV.  Free Air CO2 Enrichment (FACE)

It is impossible to examine plant responses 
to elevated CO2 using the same time and spa-
tial scale over which CO2 concentrations are 
expected to increase. However, free air CO2 
enrichment (FACE) technology (Hendrey 
and Miglietta 2006) has been used to study 
the impact of elevated CO2 on ecosystems in 
situ. FACE technology uses a series of pipes 
and fans to distribute air with added CO2 
over specified areas of land (Fig. 4.3). Plants 
grown in elevated CO2 plots can then be 
compared to plants grown in plots where 
only ambient air is blown.

In 2007, Leakey et al. (2009a) reviewed 
the response of leaf dark respiration to ele-
vated CO2 at FACE sites. At one site where 
leaf respiration responses were extensively 
examined, SoyFACE in Illinois, USA (http://
www.igb.illinois.edu/soyface), elevated CO2 
was found to significantly increase rates of 
leaf respiration in G. max (Ainsworth et al. 
2006; Leakey et al. 2009b). This was found 
to be associated with changes in the tran-
scriptional programming of metabolism that 
stimulates genes encoding enzymes of starch 
and sugar metabolism, glycolysis, the TCA 
cycle, and mitochondrial electron transport. 
These changes are consistent with the 
observed increase in CO2 efflux, O2 uptake, 
and the respiratory quotient (ratio of CO2 
efflux to O2 uptake) of leaves (Fig. 4.4; 
Ainsworth et al. 2006; Leakey et al.  
2009a, b).

Not all FACE sites have seen increases in 
autotrophic respiration (Hamilton et al. 
2001; Tissue et al. 2002; Xu et al. 2006). For 
example, Hamilton et al. (2001), examined 
leaf respiration responses to elevated CO2 in 
Liquidambar sytraciflua and Pinus taeda at 
the Duke Forest FACE site in North Carolina, 

Nicholas G. Smith

http://www.igb.illinois.edu/soyface
http://www.igb.illinois.edu/soyface


77

USA. Theyfound no significant change in 
leaf respiration (Fig. 4.4), or the relationship 
between respiration and leaf nitrogen con-
tent. Additionally, Tissue et al. (2002), found 
no change in either day or night leaf respira-
tion of L. styraciflua under elevated CO2 at 
the Oak Ridge FACE site in Tennessee, USA 
even though plants grown under elevated 
CO2 had more mitochondria and higher 
starch content. Xu et al. (2006) found a simi-
lar lack-of-response of dark respiration to 
elevated CO2 in Oryza sativa when assessed 
on a per leaf area basis. However, because 
plants increased in biomass under elevated 
CO2, respiration rates were higher when 

assessed on a per ground area basis (Xu et al. 
2006).

Given the discrepancies in the studies 
above, more work is needed to fully under-
stand long-term respiratory responses to ele-
vated CO2. In particular, while the molecular 
mechanisms underlying these responses are 
progressively better understood, their rela-
tive importance in different species and 
environmental contexts is not (Leakey et al. 
2009a). For example, the stimulatory 
response in G. max may be related to the 
nitrogen fixing capacity of the species, which 
makes N supply non-limiting (Leakey et al. 
2009a). Source-sink dynamics of respiratory 

Fig. 4.3. Example of Free Air Carbon Dioxide (CO2) Enrichment (FACE) technology at the EucFACE. (Left) 
Photograph of a CO2 enrichment ring at the EucFACE experiment in Richmond, NSW, Australia. The ring encom-
passes an entire section a Eucalyptus forest. Pipes deliver CO2 to each ring, where it is distributed throughout 
the center of the ring to achieve 550 ppm CO2. The photograph also shows a canopy access crane used for taking 
upper canopy samples (photo credit: Jeff Dukes). (Right) Close up view of the pipes that deliver CO2 throughout 
the ring. A red arrow marks a hole from which CO2 is released. A dendrometer band for measuring tree growth 
and a soil respiration collar are also pictured (photo credit: Jeff Dukes)
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substrate and products are also likely to 
influence long-term responses and should 
undoubtedly differ between species and 
environmental contexts due to different C 
allocation patterns, growth rate, etc. (Farrar 
and Williams 1991).

V. Interactions with Other Expected 
Global Changes

The concentration of atmospheric CO2 is not 
the only environmental condition expected 
to change in the future. In fact, temperatures 
are expected to rise, precipitation patterns 
are likely to change (and become more vari-
able in most places), nitrogen deposition 
from the atmosphere and fertilizer is 
expected to increase globally, and land use 
changes are expected to occur at rising rates 
(IPCC 2013). Each of these effects is likely 
to alter respiratory carbon release by plants 
at either the individual (temperature, precipi-
tation, nitrogen) or ecosystem (land use 
change) level. Interestingly, results from 
multi-factor global change experiments sug-
gest that the effect of multiple global changes 

on plant and ecosystem processes may be 
smaller than the effect of individual pro-
cesses alone (Leuzinger et al. 2011), sug-
gesting that interactions in plant allocation 
patterns and ecosystem pools can compen-
sate for changes in individual carbon fluxes 
(photosynthesis, photorespiration, etc.). In 
other words, the observed respiratory efflux 
is the result of the effect of CO2 and concom-
itant interactions with other parameters. 
While the number of studies examining the 
interaction between elevated CO2 and other 
environmental variables on plant respiration 
is relatively small, theory suggests that these 
interactions may be antagonistic or synergis-
tic depending on the context.

A.  Temperature x CO2 Interactions

In the short term (i.e., seconds to minutes), 
increased temperatures stimulates respira-
tory enzymes, increasing respiratory rates up 
until the point at which temperatures cause 
damage to respiratory machinery (likely at 
temperatures above 45 °C) (Atkin and 
Tjoelker 2003; Atkin et al. 2005; Heskel 
et al. 2016). Under longer-term exposure to 
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Fig. 4.4. The response of leaf dark respiration to Free Air Carbon Dioxide Enrichment (FACE)  at the SoyFACE 
and Duke FACE experiments. Leaf dark respiration (CO2 efflux, μmol m−2 s−1) under ambient (white bars) and 
elevated (black bars) CO2 at the SoyFACE experiment in Illinois, USA (left) and the Duke FACE experiment in 
North Carolina, USA (right). SoyFACE data are for Glycine max and Duke FACE data are for Pinus taeda and 
Liquidambar styricaflua. Data were taken from Leakey et al. (2009b) and Hamilton et al. (2001) for SoyFACE 
and Duke FACE, respectively, using WebPlotDigitizer (http://arohatgi.info/WebPlotDigitizer). Duke FACE data 
are from upper canopy leaves during the middle of the growing season (July). Asterisks (*) indicate a significant 
treatment response in each species, while ‘ns’ indicates a non-significant response
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warming temperatures, the respiratory rates 
of plant tissues decrease as a result of ther-
mal acclimation (Atkin and Tjoelker 2003; 
Atkin et al. 2005; Smith and Dukes 2013), an 
effect consistent across a wide variety of 
plant species (Slot and Kitajima 2014). If 
respiratory rates remain stable in response to 
warmer temperatures, the response of respi-
ration to elevated CO2 may dominate 
responses in a warmer, high CO2 world.

However, warming-induced decreases in 
photosynthesis, which are common in many 
species even following thermal acclimation 
(Way and Yamori 2014), may reduce sub-
strate supply for respiration and, thus, respi-
ration rates. This may be particularly true for 
tropical species, who have experienced lim-
ited temperature fluctuations in the past and 
typically operate physiologically near their 
temperature optimum (Wright et al. 2009). 
Thus, without acclimatory shifts in the opti-
mal thermal range over which photosynthe-
sis operates (but see Cheesman and Winter 
2013), warmer temperatures may result in 
less photosynthetic carbon input and, as a 
consequence, less respiration in tropical 
regions. Nonetheless, enhanced photosyn-
thesis under elevated CO2, may compensate 
for this temperature effect. On the contrary, 
species from colder climates may experience 
reduced temperature limitation and a length-
ened growing season with warming, which 
could increase respiratory supply and 
demand, enhancing the stimulatory effect of 
elevated CO2 on plant respiration.

A number of studies have examined the 
interaction of elevated CO2 and warming on 
leaf respiration (Gifford 1995; Zha et al. 
2001; Bunce 2005; Hartley et al. 2006; Ayub 
et al. 2011; Duan et al. 2013; Gauthier et al. 
2014; Kroner and Way 2016). These studies 
suggest that the temperature effect prevails, 
with a response under high CO2 and elevated 
temperature being similar to that under ele-
vated temperature only. Some studies indi-
cate that the short-term (seconds to minutes) 
temperature sensitivity of respiration may 
increase under elevated CO2 (Zha et al. 2001; 

Gauthier et al. 2014). Other studies have not 
observed this response (Kroner and Way 
2016), indicating that this effect may be con-
text (e.g. species, growth conditions) depen-
dent. It has been shown that the rate of 
photosynthesis controls the respiration rate 
at elevated temperature and CO2, i.e. the 
ratio of respiration to photosynthesis remains 
unchanged (Gifford 1995; Hartley et al. 
2006). However, this ratio has not been 
found to be invariant elsewhere (Tjoelker 
et al. 1999a). Taken as a whole, the net effect 
of simultaneous elevated temperature and 
CO2 on respiration is uncertain and mecha-
nisms underlying respiratory responses war-
rant further investigation.

B.  Precipitation x CO2 Interactions

Water availability is known to exert a strong 
influence on plant productivity. In fact, under 
non-limiting water provision, the water loss 
due to transpiration represents a proportion-
ally minor constraint such that optimal sto-
matal conductance is large and allows high 
CO2 uptake, resulting in a low water use effi-
ciency (WUE, the ratio of net photosynthetic 
carbon assimilation to transpirational water 
loss). Conversely, under water limitation, 
optimal stomatal conductance is rather low, 
thereby limiting CO2 uptake and resulting in 
a medium-to-high WUE (Hsiao 1973; 
Cowan and Farquhar 1977). Under increased 
atmospheric CO2, plants tend to have a 
reduced stomatal conductance thereby 
increasing the WUE (Keenan et al. 2013). 
This effect can participate to reducing water 
loss from soils in systems exposed to ele-
vated CO2 (Morgan et al. 2004) and thus 
water stress (Morgan et al. 2011).

The effect of drought (water deficit), and 
desiccation in particular, on plant respiration 
has been well explored, albeit with inconsis-
tent results. Studies have found increased 
(e.g. Slot et al. 2008), decreased (e.g. Galmes 
et al. 2007), or constant rates (e.g. Gimeno 
et al. 2010) of respiration in plants subjected 
to drought stress (Flexas et al. 2006). Fewer 
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studies have examined the interaction 
between water availability and elevated CO2 
on plant respiration. Gauthier et al. (2014) 
found that drought did not alter respiration 
rates, but did increase the ratio of respiration 
to photosynthesis in Eucalyptus globulus, 
regardless of growth CO2 conditions. Duan 
et al. (2013) found similar results in the same 
species. This contradicts the hypothesis that 
CO2 could alleviate drought-induced reduc-
tions in respiration. More mechanistic stud-
ies on respiratory metabolism thus appear to 
be needed to fully understand this response.

C.  Nitrogen x CO2 Interactions

The rate of respiration in leaves is positively 
correlated with leaf nitrogen (Atkin et al. 
2015). The inferred causes of this correlation 
are that leaf nitrogen is a good proxy for leaf 
protein content, including respiratory pro-
teins, but also proteins that act as a “sink” due 
to the requirement in C skeletons to assimi-
late nitrogen (Lambers et al. 1983; Amthor 
2000). Conversely, the correlation could be 
caused by the role of protein recycling (turn-
over) in sustaining respiration (Lehmeier 
et al. 2013). Enhanced nitrogen deposition, 
therefore, may increase respiration rates 
directly through increased leaf respiratory 
protein content and/or turn-over. Up to now, 
however, it has been found that elevated CO2 
reduces leaf nitrogen concentration (Lee 
et al. 2001; Ellsworth et al. 2004; Ainsworth 
and Long 2005; Crous et al. 2010; Lee et al. 
2011). Most of this reduction has been attrib-
uted to reductions in Rubisco (Long et al. 
2004), rather than reductions in respiratory 
proteins. Accordingly, Tjoelker et al. (1999b) 
found that elevated CO2 increased the rate of 
respiration per unit leaf nitrogen, indicating 
that a higher fraction of leaf proteins was 
allocated to respiration rather than to other 
processes, such as photosynthesis. In other 
words, an increased N availability under ele-
vated CO2 can induce a general increase in all 
protein contents, but also change the balance 
between Rubisco accumulation and other 

proteins, so that the net effect on respiration 
is not straightforward.

VI.  Modeling Plant Respiration

To project the magnitude and rate of future 
CO2 increase and climate change, research-
ers rely on simulations by Earth System 
Models (ESMs; Prinn 2013). These models 
consist of a collection of submodels that 
simulate distinct portions of the Earth sys-
tem, such as the atmosphere, land, ocean, sea 
ice, and land ice. These submodels interact, 
typically at sub-daily time steps, to simulate 
energy, water, carbon, and nutrient cycles 
globally (Alexander and Easterbrook 2015).

The land surface submodels of ESMs are 
primary contributors to uncertainty in ESM 
carbon cycle projections (Friedlingstein 
et al. 2013). This uncertainty, in part, stems 
from uncertainty in the response of respira-
tion of plants on land to environmental 
changes (Ziehn et al. 2011), which is 
expected to increase in the future in most 
model simulations (Cox et al. 2000; Fung 
et al. 2005; King et al. 2006). First, in addi-
tion to its effect on the carbon cycle, plant 
respiration can also indirectly influence 
water and energy cycles since it participates 
to the control of atmospheric CO2. Second, 
plant respiration can affect plant growth and 
development (net primary production) and 
thus landscape coverage by vegetation, 
which influences the climate through changes 
in surface roughness and albedo.

A. Approaches to Modeling 
Plant Respiration

The way by which plant respiration is repre-
sented in ESMs varies between models 
(Smith and Dukes 2013). However, com-
pared to processes like photosynthesis, model 
representation of plant respiration is very 
simplistic (Atkin et al. 2014). A 2013 review 
of respiration schemes utilized in ESMs 
found that most models used some combina-
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tion of a temperature-, photosynthesis-, and/
or nitrogen-driven approach to simulate plant 
respiration (Smith and Dukes 2013).

The first type of calculation (temperature-
driven) assumes that plant respiration is pri-
marily dictated by temperature with response 
functions typically mirroring those seen 
from plants in response to instantaneous 
changes in temperature. These functions typ-
ically project an exponential (e.g. Q10) 
increase in respiration with increasing tem-
perature, although some models are begin-
ning to adjust these temperature responses to 
incorporate temperature-dependent (i.e., 
peaked; Tjoelker et al. 2001; Heskel et al. 
2016) and, in some cases, full acclimation 
responses (King et al. 2006; Atkin et al. 
2008; Smith and Dukes 2013).

The second type of calculation consists of 
simulating autotrophic respiration as a fixed 
fraction of photosynthesis, or gross primary 
production (GPP). This number is typically 
based on empirical estimates of the amount of 
respiratory carbon that would need to be lost 
to close carbon budgets after simulating GPP 
and soil respiration fluxes (Gifford 2003). 
Finally, a nitrogen-driven approach scales 
plant respiration by the amount of nitrogen in 
the plant tissues (Fig. 4.5). This strategy usu-
ally follows known relationships between tis-
sue nitrogen and respiration, which tend to be 
robust when assessed across many species 
and functional groups (Atkin et al. 2015). In 
some cases, ESMs will simulate maintenance 
and growth respiration separately, typically 
with maintenance respiration being a function 
of temperature and growth respiration as a 
function of photosynthesis or GPP (e.g. 
JSBACH; Raddatz et al. 2007).

B. Plant Respiration Responses 
to CO2 in Large-Scale Models

By consideration of the modeling approaches 
described above, autotrophic respiration in 
ESMs does not respond directly to changes 
in atmospheric CO2 concentration. 
Respiration responds indirectly to CO2 by 

either (1) increased temperature resulting 
from increased atmospheric CO2, (2) 
increased in photosynthesis resulting from 
increased atmospheric CO2, and/or (3) an 
increase in nitrogen availability resulting 
from an increased soil nitrogen mineraliza-
tion (Fig. 4.5).

Although not currently accounted for in 
ESMs, direct effects of elevated CO2 may be 
quantitatively important. More generally, 
respiratory responses are not quantified at 
the level needed for formulation and param-
eterization for large-scale models, and this 
prevents intrinsic mechanisms of autotro-
phic respiration from being implemented in 
ESMs (Atkin et al. 2014).

Gifford (2003) proposed that the sim-
plest and most straightforward approach to 
simulating plant respiration in large-scale 
models would be to use a constant ratio of 
respiration to photosynthesis. While this 
approach may fit current data well (particu-
larly when averaged over large spatial and 
temporal scales), it does not capture the 

Atmospheric CO2 Air temperature 

Tissue temperature Photosynthesis 

Tissue Nitrogen 

Plant respiration 

Soil temperature Soil Nitrogen 

Fig. 4.5. Simplified representation of plant respira-
tion in large-scale models. A simplified representa-
tion of plant respiration in large-scale models, based 
on data from Smith and Dukes (2013). Black boxes 
and arrows represent processes common to all models. 
Blue, red, and orange boxes and arrows represent pro-
cesses included in photosynthesis-, temperature-, and 
nitrogen-driven models, respectively. Note that some 
models use a combination of the three approaches. 
Note the lack of direct respiration responses to atmo-
spheric carbon dioxide (CO2)
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multivariate nature of the respiratory 
response that could become important in 
the future. Over longer time scales, the sup-
ply of respiratory substrates and the demand 
for respiratory products is likely to differ 
between environmental conditions. 
Elevated CO2 will undoubtedly stimulate 
both supply and demand. Additional 
research, possibly using a theoretical 
approach (e.g. Van Oijen et al. 2010), are 
needed to better describe the relationship 
between carbon uptake and release at large 
scales (Smith and Dukes 2013).

Recently, Atkin et al. (2015) used a large 
global dataset to examine leaf respiration 
responses to climate and other leaf traits 
across biomes and plant types. This has pro-
vided useful data for ESMs, including respi-
ration values in different plant functional 
types (PFTs). Heskel et al. (2016) quantified 
the instantaneous response of leaf respira-
tion to temperature using a large, global 
database of high-frequency temperature 
response curves. While these two studies 
did not quantify direct responses of respira-
tion to CO2, they provided an advance to 
improve indirect (temperature, nitrogen, 
plant type) responses to CO2 at a global 
scale.

C. Improving Plant Respiration-CO2 
Responses in Large-Scale Models

The first step in improving large-scale 
model representation of plant respiration is 
to design equations to represent the depen-
dence of respiration on environmental 
parameters, similar to the Farquhar et al. 
(1980) formulations for photosynthesis 
(Atkin et al. 2014). However, this has 
proved difficult and currently the metabolic 
kinetics underlying the TCA cycle have not 
been quantified in a manner suitable for 
ESMs. Thus, short-term CO2 responses 
such as changes to the cytochrome and 
alternative pathway activity, the reconnec-
tion of the TCA cycle (Fig. 4.2), or 
increased mitochondrial enzyme activity 

cannot be represented within the current 
structure of ESMs.

Even without explicit respiratory physi-
ology, some long-term responses are 
empirically described in ESMs, such as 
changes in tissue carbohydrates (i.e., respi-
ratory supply), photorespiration, and pro-
tein content. However, these indirect 
effects of elevated CO2 are defined in many 
cases using simple, empirical relationships 
(Smith and Dukes 2013). Other long-term 
responses, such as changes in mitochon-
drial abundance and altered mitochondrial 
function are, at best, implicitly represented 
(Atkin et al. 2014). Future models with 
explicit representation of plant mitochon-
dria and respiratory kinetics would 
improve the realism of ESMs and, thus, 
confidence in their projections for future 
carbon release from plants in a changing 
world (Atkin et al. 2014). The first step in 
achieving this is to perform experiments in 
which individual respiratory processes are 
quantified and can thus be incorporated 
and parameterized in a model (Leuzinger 
and Thomas 2011).

VII.  Conclusions

Compared to other globally important, plant-
driven, carbon cycle process (e.g. photosyn-
thesis) plant respiration and its response to 
environmental drivers, is poorly understood 
(Atkin et al. 2014). This is particularly true for 
respiration responses to atmospheric CO2 
despite much effort that has been devoted to 
understanding metabolic and physiological 
mechanisms. With the data in hand, elevated 
CO2 seems to have contrasting effects in the 
short term (stimulation by increased carbohy-
drate availability, photorespiration-dependent 
inhibition, and changes in respiratory enzymes 
activity), with a net effect on the respiratory 
CO2 efflux that is rather small and unpredict-
able. In the long term, potential modifications 
of the respiratory CO2 efflux are caused by 
general changes in both supply of respiratory 
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substrates (acclimation of photosynthesis) 
and demand for respiratory products (accli-
mation of growth and maintenance). This bal-
ance is unlikely to be constant in a future, 
high-CO2 world, where the supply and/or 
demand may or may not increase depending 
on the interplay between multiple environ-
mental factors. Therefore, the CO2 effect on 
plant respiration in the long term also appears 
to be poorly predictable. The examination and 
quantification of mechanisms underlying 
respiratory responses should be a priority for 
future research aiming at disentangling plant 
and global carbon budgets.
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Summary

Land surface processes dominate the observed global signal of large inter-annual variability 
in the global carbon cycle, and this signal is itself dominated by responses of tropical forests 
to climatic variation and extremes. However, our understanding of the functioning of these 
forests is poorly constrained, not least in terms of the size and climate-sensitivity of gross 
ecosystem respiratory CO2 emission. Woody tissue CO2 effluxes contribute substantially to 
gross ecosystem CO2 emissions, thereby influencing the net ecosystem exchange of carbon. 
Our ability to estimate this component of the forest respiration budget has been limited by 
our technical capacity to measure vegetation size and structure in sufficient detail and at suf-
ficient scale. The outcome has been to leave large uncertainties in land-surface model perfor-
mance and prediction. A key challenge in estimating woody tissue CO2 efflux for the 
ecosystem has been the scaling of measurements made with chambers from the level of an 
organ to the stand. Appropriate scalars such as woody tissue mass, surface area and volume 
all require accurate structural information on both size and pattern. For individual trees, pat-
tern is dominated by branching structure and this fundamentally determines how trees parti-
tion resources to address the trade-offs inherent in the simultaneous maintenance of structural 
integrity and metabolism. The detailed structural information needed to address this chal-
lenge has until recently been extremely scarce because of the difficulty of acquiring it, even 
for a single large tree. Recent developments in terrestrial light detection and ranging (LiDAR) 
technology have made possible a step change in our ability to quantify and describe tree 
form for continuous forest, for example describing hundreds of adjacent trees at the hectare 
scale. Connecting this new capability with tree physiology and fundamental theories of plant 
structure and metabolism offers to change the way we understand plant functional biology 
and its variation with environment, biogeography and phylogeny.
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I.  Introduction

Respiration in vegetation and soil is a funda-
mental component of ecosystem metabo-
lism. When combined, total ecosystem 
respiration (Reco) comprises marginally less 
than gross primary production (GPP), and 
the small difference between these two very 
large fluxes of approximately 60 Pg C year−1 
(60 Gt per year) equates to the net terrestrial 
carbon sink, estimated to be 3.0±0.8 Pg C 

year−1 (Le Quéré et al. 2014). This net car-
bon flux varies much more strongly on an 
inter-annual basis than its marine equivalent, 
dominating the dynamics of the global car-
bon cycle. For example during El Niño 
years, increased exposure to dry and warmer 
conditions, especially in the tropics, can lead 
to net emissions of carbon dioxide (CO2) to 
the atmosphere at regional and sometimes 
globally-significant scales (Wang et al. 
2013). Recent analysis suggests that the 
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inter-annual variation in the land carbon sink 
has grown by 50–100% in the last 50 years 
(Anderegg et al. 2015; Betts et al. 2016). The 
signal is dominated by tropical ecosystems, 
particularly tropical forests (Huntingford 
et al. 2009; Beer et al. 2010), and is influ-
enced strongly by climatic extremes of 
warming, and in some regions, drought (Jung 
et al. 2017).

II.  Tropical Forest Respiration

Understanding this variation in the tropical 
land-surface carbon cycle is a priority for 
Earth system science. Inter-annual variations 
in tropical-zone CO2 emissions to the atmo-
sphere have been attributed to temperature 
anomalies at large scale (Anderegg et al. 
2015). Jung et al. (2017) examined the driv-
ers of these emissions in a combined data- 
and model-based analysis. They found that 
differences in moisture availability explained 
much more inter-annual variance than tem-
perature, effectively dominating process-
responses at grid-scales up to 10° latitude, 
but that the spatial and temporal patchiness 
of the moisture effect led to a cancelling out 
at very large scale, leaving the residual tem-
perature response as the spatially most con-
sistent driver of tropical forest CO2 emissions 
at the coarsest pan-tropical scale.

We thus need to disentangle both temper-
ature and moisture effects more precisely (as 
well as other environmental constraints), but 
doing so requires a better understanding of 
the sub-processes contributing to whole-eco-
system fluxes, because these sub-processes 
respond semi-independently to climate and 
soil, and the discrete effects will not sum up 
linearly. Furthermore, while empirical obser-
vations may allow us to understand environ-
mental responses within the range of 
observed conditions, process-based models 
are needed to predict how ecosystems will 
respond outside of those conditions, as is 
likely to be the case with future climate 
change (Evans 2012; Evans et al. 2012). 

Therefore, the different components of the 
tropical carbon and water cycles on land, and 
especially those of forests, require careful 
quantification. It is here that a knowledge 
gap has become apparent. Ecosystem mod-
els are often parameterized with respect to 
representing the behavior of different com-
ponents of an ecosystem with very limited 
reference to field data, sometimes due the 
difficulty of obtaining those data (Cleveland 
et al. 2015). Whilst multi-component datas-
ets of, for example, the fluxes of carbon to/
from woody tissue, soil, and leaves have 
begun to emerge for a few tropical forests 
(e.g. Metcalfe et al. 2010; Malhi et al. 2015; 
Anderson-Teixeira et al. 2016), they remain 
sparse and have not yet been used systemati-
cally to constrain model structure in any 
comprehensive way (Medlyn et al. 2015; 
Cleveland et al. 2015; Anderson-Teixeira 
et al. 2016). Further, although some compo-
nents have been relatively intensively sam-
pled such as leaf photosynthetic capacity 
(e.g. Domingues et al. 2010) and leaf dark 
respiration (e.g. Atkin et al. 2015; Rowland 
et al. 2016), extrapolating from one or few 
components to the behavior of the full car-
bon cycle system is inherently risky. The 
relationships and overall ratios among soil, 
woody and leafy tissue CO2 effluxes may 
vary substantively across different forest 
ecosystems, or indeed across seasons, and 
model results can be very sensitive to these 
parameters. Current global vegetation mod-
els make fixed assumptions about these rela-
tionships, based on few or no data, meaning 
that any inherent inaccuracies (or accura-
cies) will be propagated strongly, with 
unknown consequences.

In a recent cross-biome comparison, plant 
(i.e. autotrophic) respiration comprised 
48–90% of ecosystem respiration, with 
woody tissue CO2 effluxes representing 
40–70% of this autotrophic total (Campioli 
et al. 2016). The large size of the overall 
contribution of plants to the terrestrial eco-
system carbon budget means that estimating 
the total and component fluxes, and how 
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they might change as the atmosphere 
changes over the coming decades, is funda-
mental to our efforts to understand and pre-
dict the functioning of the Earth system. 
Autotrophic respiration fluxes reflect the 
intensity of metabolic activity as well as the 
mass of living cells. This activity may 
respond to physical drivers such as tempera-
ture and moisture stress, but will also be 
strongly moderated by physiological activ-
ity such as live tissue maintenance, growth 
and secondary compound synthesis (Amthor 
1989). However, before the variations in the 
total respiration flux (Reco) can be quantified, 
the underlying component fluxes need to be 
known. There is substantial uncertainty in 
these underlying component values, partly 
due to the difficulty of their measurement at 
the necessary scale. Most components of 
Reco depend strongly on vegetation structure, 
but the visually striking three-dimensional 
structure of woody ecosystems has been 
very difficult to measure well, even for 
highly aggregated parameters such as bio-
mass (Chave et al. 2014; Calders et al. 
2015). Our limited ability to quantify struc-
ture (and in consequence component CO2 
effluxes) has led to the need to ascribe large 
error terms to values for respiration esti-
mated at the stand scale, with uncertainty 
estimates ranging between 30 and 50% (e.g. 
Metcalfe et al. 2010; Campioli et al. 2016). 
Our analysis here focuses on tropical for-
ests, but the outcomes and conclusions are 
widely applicable.

III. How, and How Much? Canopy 
Architecture and Metabolism

Vegetation structure is fundamentally impor-
tant for determining resource capture by 
plants. Structure also shapes the associated 
demands imposed on woody vegetation 
through the need to transport and metabolize 
water and carbon between and within organs, 
and to retain structural integrity in the face of 

differences in soil structure, wind stress, and 
gravity. This combination of demands has 
influenced the development of very general 
ecological theories that seek to explain and 
predict vegetation structure (e.g. Niklas 
1994) and the trade-offs between structure 
and function (e.g. Enquist et al. 2007), which 
themselves may vary with the constraints 
imposed by different metabolites of interest 
(e.g. water, carbon) and characteristic plant 
form (von Allmen et al. 2012; Bentley et al. 
2013).

Quantifying vegetative structure becomes 
increasingly difficult with plant size. 
Describing branching patterns in a herb is 
relatively straightforward, for example, but 
for a complex late-successional tree that may 
be 40–50 m tall, it is very challenging. In the 
humid tropics, where the variety of plant 
form is perhaps the largest, reflecting high 
species diversity, this challenge reaches its 
apogee. Recognizing this issue, and building 
on the pioneering ecological insights of 
Thompson (1917) and Corner (1964), the 
French biologist Francis Hallé developed a 
descriptive spectrum to account for the 
architectural variety found in tropical rain-
forests. He and colleagues, Oldeman and 
Tomlinson, described 23 distinct architec-
tural forms, into which all tropical trees were 
supposed to fall (Hallé et al. 1978). The anal-
ysis of Hallé et al. represented a watershed in 
trying to reduce the complexity and diversity 
of tropical forests to something more tracta-
ble, and provided an early basis for the inter-
pretation of form with respect to genetic 
differences and environment. However, 
efforts to associate ecological function with 
these forms have not been successful, partly 
because of their limitations in terms of quan-
titative description. Despite a few extended 
efforts to sample full-size trees destructively 
(e.g. Yoda et al. 1965; McWilliam et al. 
1993; Mori et al. 2010; Bentley et al. 2013) 
and to address the underlying quantitative 
questions of structure and metabolism, it has 
hitherto been almost impossible to obtain 
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substantive structural-metabolic datasets for 
any woody ecosystem. Recent advances in 
laser (light) detection and ranging technol-
ogy (LiDAR) promise to break this impasse.

The development of LiDAR-based terres-
trial laser scanning (TLS) instruments has 
for the first time provided the potential to 
measure plant structure at the fine scales 
(mm-cm) needed to quantify whole plant 
form, from ground level to the canopy-tops 
of large trees. The use of TLS is still in its 
infancy for forest ecology, but already the 
outcomes are demonstrating the potential to 
revolutionize our ability to estimate plant 
structure, mass, and associated metabolic 
function. These datasets will emerge over 
the coming decade and will enable signifi-
cant scientific advances, ranging from 
improved quantification of carbon storage on 
land (Calders et al. 2015; Gonzalez de 
Tanago et al. 2017; Disney et al. 2017) and 
improved estimates of carbon and water 
fluxes, through tests of fundamental theories 
of plant structure (Farnsworth and Niklas 
1995) and metabolic scaling (Enquist et al. 
2007), to the unexplored territory of under-
standing plant trait difference and conver-
gence at the level of tree canopies, a 
step-advance from analogous studies at the 
leaf level (Wright et al. 2004).

IV. Respiration and Its Measurement 
in Woody Terrestrial Ecosystems

Respiration in plants and microbes drives the 
generation of the energy and biosynthesis 
required for metabolism, growth and repro-
duction. The underlying biochemistry and 
environmental response surfaces of plant res-
piration and its components are considered in 
detail elsewhere in this volume. Here we focus 
on CO2 effluxes from woody tissue, noting 
that major constraints over absolute CO2 
effluxes and the drivers of change in these 
fluxes can be summarized under three con-
nected headings: (i) metabolic and biochemi-

cal requirements for maintenance, growth, and 
defense; (ii) environmental influences (e.g. 
responses to temperature, drought, radiation 
load, seasonality); and (iii) apparent complica-
tions, such as microbial breakdown, mycorrhi-
zal associations, and multiple carbon sources.

Whilst the efflux of CO2 from woody tis-
sue is sometimes quantified by chemical 
absorption or using mitochondria-sensitive 
stains, measurements are most frequently 
made by gas analysis. That is, a chamber is 
sealed to a woody limb connecting it with 
tubing to an infra-red gas analyzer to enable 
the change in CO2 concentration in the cham-
ber to be quantified, and the rate of CO2 
efflux from the bark calculated (e.g. Sprugel 
and Benecke 1991; Meir and Grace 2002). 
Several of the constraints and drivers of res-
piration listed above co-influence the gross 
emissions of CO2 as measured from the sur-
face of woody tissue. For example, although 
much CO2 is generated by respiration of live 
cells in the cambium and parenchymal sap-
wood underlying any area of bark, there may 
be other sources of CO2 that affect diffusion 
rates through to the bark surface, influencing 
the net measured efflux (Fig. 5.1). Static 
sources include microbes and macrofauna 
respiring CO2 as they breakdown organic 
material in the trunks of large trees. Dynamic 
sources and potential sinks include the con-
centration of dissolved CO2 in the fluids 
transported in the xylem and phloem 
(Zelawski et al. 1970). In particular, the 
transport of CO2 dissolved in the xylem sap 
has been considered to potentially affect 
efflux rates. Soil water brought up via the 
roots may have a high concentration of dis-
solved CO2 that can effuse outwards through 
the bark (Zelawski et al. 1970). Before emis-
sion to the atmosphere, this CO2 may be par-
tially consumed by photosynthesis in the 
bark of some woody limbs (Foote and 
Schaedle 1978), ultimately providing poten-
tial additional substrate for assimilation by 
the leaves. Pioneering measurements of 
these fluxes were made on Betula pendula 
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by Levy et al. (1999), who devised a cham-
ber to quantify sap CO2 concentration at 
atmospheric pressure and applied Henry’s 
law and carbonate dissociative chemistry to 
the sap and co-incident CO2 emissions. 
These different sources of CO2 are thus addi-
tional to the respiratory flux from cambial 
and parenchymal tissue, and they may also 
vary in direction or size with the time-
dynamic functional attributes of the tree. The 
consequence is that raw CO2 efflux rates 
from bark may not always fully represent the 
respiration of the tissue immediately under-
lying the measurement chamber. A signifi-
cant portion of the uncertainty can be 
accounted for by comparing efflux rates 

when transpiration is occurring and when it 
has stopped, though hysteresis effects remain 
possible, depending on the relevant tissue 
CO2 concentration (Kunert and Edinger 
2015; Bužková et al. 2015). Full quantifica-
tion is only possible by measuring in fine 
detail all the sources of CO2 in a stem (Teskey 
and McGuire 2007), although isotopic trac-
ing has also proved a useful additional tech-
nique (e.g. Angert et al. 2012). Debate 
continues as to the importance of static and 
dynamic sources of stem respiration mea-
surement error. Static sources of CO2 such as 
heartwood microbial decomposition are par-
ticularly understudied, and improved under-
standing of the response to climate by both 

Fig. 5.1. The structure of woody tissue. Metabolically active cells are found from the sapwood parenchyma 
outwards. The sapwood parenchyma has a variable fraction of live cells, complicating estimates of respiration 
activity. The outer rings of cells are live and affect growth (cambium) or metabolite transport (phloem). As the 
tree gets larger the relationship between live sapwood volume and total circumference of cambium and phloem 
varies, affecting the overall efflux of CO2 from the bark surface (Modified, from Kramer and Kozlowski 1979)
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autotrophic and heterotrophic sources is 
needed for tropical forests.

At the scale of understanding the ecosys-
tem respiration budget, the uncertainties 
regarding CO2 sources additional to those 
cells metabolizing immediately under any 
single measurement point may become less 
of a concern, as emissions not captured in 
one component should be captured in mea-
surements of other components of the eco-
system. Eddy covariance can provide 
measurements of stand-scale total ecosystem 
respiration (Reco) under the correct meteoro-
logical conditions, but the data do not distin-
guish the separate components of Reco (e.g. 
leaf, wood, and soil respiration). This limita-
tion obscures physiological insight and lim-
its model evaluation and development that is 
based solely on eddy flux data. Carefully-
designed chamber-based measurements may 
still offer the best widely-applicable mea-
surement to quantify woody tissue CO2 
effluxes, especially in remote locations, but 
scaling the data to the canopy remains a key 
challenge, even in well-studied plantation 
species.

V. Scaling Woody Tissue CO2  
Effluxes from Organ to Ecosystem

At least five basic ecosystem respiration 
components must be quantified to under-
stand Reco: CO2 emissions from soil, roots, 
coarse woody debris (CWD), leaves, and 
stems. The latter two comprise the biologi-
cally active component of the canopy. In 
contrast to woody tissue (stem) CO2 effluxes, 
the scaling of leaf gas exchange to the stand-
scale has proved a reasonably tractable chal-
lenge. It has been achieved through the 
combination of the bulk measurement of leaf 
area index (LAI) and the repeated observa-
tion that leaf gas exchange capacity accli-
mates to incident irradiance within a canopy, 
and to nutrient availability (e.g. Hollinger 

1996; Meir et al. 2002). It turns out that real 
canopies allocate leaf gas exchange resources 
to optimize photosynthesis in a way that 
approximates theory surprisingly closely 
(Field and Mooney 1986; Sellers et al. 1992; 
Meir et al. 2002). With some modifications 
(e.g. De Pury and Farquhar 1997), and 
despite observed important departures from 
this optimal allocation model (Meir et al. 
2002; Lloyd et al. 2010), some vegetation 
models assume optimal allocation of leaf 
nitrogen and leaf gas exchange capacity with 
respect to irradiance because the efficiency 
of calculation outweighs the error resulting 
from the approximation of real canopy prop-
erties to acclimation theory. However, the 
same assumptions cannot be made of woody 
tissue physiology. This probably reflects the 
contrast between the principal functions of 
leaves (light capture, gas exchange and nutri-
ent assimilation) and the much more diverse 
functions woody tissue performs, from struc-
tural integrity, though the provision of an 
armature to support leaves, to gas exchange, 
and to metabolite transport and its transfer 
into cellular requirements. As a consequence, 
woody tissue CO2 efflux measurements have 
been considered necessary to estimate can-
opy fluxes, although the best method for 
extrapolating these measurements to the 
stand-scale has remained unclear.

The first concerted effort to examine 
how structure determines whole-tree 
woody tissue respiration was made as part 
of the United Nations Man and Biosphere 
Program in the 1960s. Yoda et al. (1965) 
led the field using large-scale destructive 
harvest and static sodium hydroxide 
absorption and titration methods, all per-
formed in tropical forest. They sought to 
identify the best scalar for extrapolating 
measurements of CO2 efflux from excised 
sections of woody stems and branches, to 
determine respiration by the whole tree. 
They focused on woody tissue surface area 
and volume as likely scalars, and their 
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analysis, extended subsequently by Yoneda 
(1993), suggested that area was the best 
scalar for the trees they studied (Yoda 
1983). However, as tree growth and metab-
olism takes place in cells that dominate 
both cross-sectional (e.g. sapwood paren-
chyma) and circumferential elements (e.g. 
cambium, xylem and phloem production), 
this left room for substantial uncertainty 
with regard to the influence on overall 
efflux rates of seasonal growth or other 
metabolic pulses, which could not be mon-
itored using excised stem sections and 
static CO2 absorption methods.

The arrival of commercially-available 
infra-red gas analyzers created a new poten-
tial to measure fluxes from live wood on a 
continuous basis over extended periods 
(Hutchinson and Livingston 1993). This 
helped understanding how sapwood volume 
rather than surface area determined overall 
flux rates (Sprugel 1990; Ryan et al. 1997). 
The approach was considered more mecha-
nistic and worked well for intensively-stud-
ied species where sapwood volume was well 
quantified, despite uncertainty in the pro-
portion of live cells in the estimated sap-
wood volume, a problem that remains 
unsolved (Carlquist 2001; Ziemińska et al. 
2013). However, the sapwood volume 
approach was less useful for natural forests 
for which species-specific sapwood volume 
data were not available, as is usually the 
case for tropical forest trees. A pioneering 
study in tropical rainforest by Ryan et al. 
(1994) to connect sapwood volume with 
growth and maintenance respiration for two 
well-studied species in Costa Rica sug-
gested that maintenance accounted for about 
80% of total woody tissue CO2 efflux. For 
less well-studied species, an elegant analyti-
cal approach was developed instead to 
determine whether volume or area domi-
nated the efflux signal, using Sahelian 
shrubs (Levy and Jarvis 1998). For larger 
trees in tropical forest, an equation to simu-
late the changing influence with stem diam-

eter of both volume and stem surface area 
components predicted stem CO2 efflux rate 
contributions accurately and in a way that 
correctly reflected the underlying live cellu-
lar structure (Meir and Grace 2002). This 
method also yielded maintenance costs for 
trees growing in closed-canopy forest as 
approximately 80% of total measured 
effluxes, consistent with those of Ryan et al. 
(1994) that had been obtained using sap-
wood volume estimates. Detailed in-canopy 
measurements in Costa Rica (Cavaleri et al. 
2006) subsequently demonstrated that 
upper-canopy smaller branch sections had 
higher efflux rates than stem sections nearer 
the ground, suggesting higher metabolic 
rates, or a larger importance for fluid trans-
port causing increased outward diffusion of 
CO2 carried from elsewhere in the plant or 
soil. This pattern was not repeated in a 
detailed analysis in Bornean rainforest 
(Katayama et al. 2014), suggesting a need to 
examine the implications for additional 
studies.

Recent attempts have also been made to 
understand the scaling of respiration based 
purely on mass. Whilst the use of dry mass 
as the sole scalar for whole-plant respira-
tion may not appear intuitive for large high-
biomass trees because of the likely 
increasing proportion of dead biomass in 
large stems (heartwood), a signal analysis 
by Reich et al. (2006), based mainly on 
measurements of small plants, suggested a 
well-defined exponential model. In a heroic 
extension of the pioneering work of Yoda, 
Mori et al. (2010) tested Reich’s analysis by 
destructively harvesting and measuring res-
piration from 271 trees, across 9 orders of 
magnitude in mass, up to 104 kg (10 tons), 
including many trees from tropical and sub-
tropical locations. The outcome suggested 
consistent whole-plant scaling of respira-
tion with total mass (Fig. 5.2), but required 
a double-exponential form to allow for 
large trees not considered by the Reich et al. 
(2006) study.
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Fig. 5.2. The relationship between the slope (S) of the relationship between the respiration rate (Y) and plant 
mass (M), as a mixed power function derived to account for allometric scaling of respiration by trees over 9 
orders of magnitude (Mori et al. 2010). The mixed power function is derived from a single exponential relation-
ship Y = FMα, where F is a constant and α is an exponent varying between 0.75–1 (thus, S = αFMα–1)

VI. Structural Data: 
A Transformational Opportunity

Despite the empirical (and theoretical) attrac-
tion of relatively recently-determined mass-
based equations for estimating whole plant 
respiration in large trees, most recent empiri-
cal approaches for tropical forests have esti-
mated stand-scale CO2 efflux using surface 
area as the key scalar, making use of the rela-
tive ease of site-based chamber-derived flux 
measurements (e.g. Doughty et al. 2015). 
The measurements and calculations have 
broadly followed the specifics proposed by 
Chambers et al. (2004), themselves deter-
mined by Yoda’s work 30 years earlier, and 
the surface area calculations of Yoneda 
(1993). However, irrespective of what the 
best structural scalar is for any one tropical 
forest [that is, area (Yoda et al. 1965; Yoda 
1983), volume (Levy and Jarvis 1998), both 
area and volume (Meir and Grace 2002), sap-
wood volume (Ryan et al. 1994) or mass 
(Mori et al. 2010)] it is necessary to quantify 
the selected scalar properly to obtain a satis-
factory value for whole-tree and stand-scale 

canopy CO2 efflux. Getting accurate mea-
surements of stem surface area or total plant 
mass has been notoriously difficult for for-
ests, particularly tropical forests, and this has 
held back progress, until recently.

For biomass, the intensification of 
research into tropical forests, coupled with 
the stimulus to improve quantification to 
inform climate change-related land-use pol-
icy, has helped enabling incremental 
improvements to equations predicting bio-
mass from stem diameter and tree height, 
using harvested trees where possible (Chave 
et al. 2014). In the tropics the need for so-
called allometric scaling equations (ASEs) is 
made complex by biogeographic differences 
in diameter-height relationships (Feldpausch 
et al. 2010), complexity in tree trunk shape 
including buttressed stems, biogeographic 
variation in woody tissue density (Patiño 
et al. 2009), and diversity of crown shapes 
(Goodman et al. 2014), among other factors. 
ASEs are inevitably based on a limited num-
ber of destructively sampled trees, and hence 
contain much variance and uncertainty. This 
is especially true for large trees, which are 
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even more under-sampled because of the 
logistical difficulty of doing so (e.g. Chave 
et al. 2014; da Costa et al. 2010; Ometto 
et al. 2014). The same problem arises for 
estimating the surface area of individual 
trees. Furthermore, because fewer destruc-
tively sampled trees have also been analyzed 
for size-area relationships (especially for the 
crown in addition to the main stem of a tree), 
the uncertainties are substantially higher. 
Exemplifying this data-gap still further, 
information on the branching and limb-taper 
patterns in trees, which underlie detailed bio-
mass, volume, or surface area analyses, is 
almost non-existent. Recent detailed exami-
nation of a few relatively small, hand-mea-
sured trees has been performed with 
promising results for understanding branch-
ing patterns and plant metabolism (Bentley 
et al. 2013), but extending this approach 
requires some form of automation.

Terrestrial laser scanning (TLS) offers to 
resolve this limitation in quantifying struc-
ture and at high precision, thereby signifi-
cantly advancing the scaling of fluxes from 
woody tissue segment to the stand. Recent 
work shows that TLS can be used to estimate 
woody tissue volume with very high preci-

sion, down to centimeter-scale for large 
trees, and at higher resolution still for smaller 
trees or branches (e.g. Raumonen et al. 2013; 
Disney et al. 2017). Using TLS, full hemi-
spherical canopy scans are taken on a regular 
grid within a forest plot (typically every 10 
or 20 m), delivering millions of structural 
data points based on the laser return signal. 
By fitting cylinders to the LiDAR point 
clouds for each tree, so-called quantitative 
structural models (QSMs) can now be built 
describing tree architecture, including stem 
diameter and height, and woody tissue vol-
ume (Disney et al. 2017). The gain with 
respect to estimating tree volume is particu-
larly important for large trees, notwithstand-
ing some uncertainty in the size of possible 
internal trunk-cavities. Using standard ASEs, 
the uncertainty in estimating individual total 
biomass varies very strongly with diameter, 
with the error for larger trees rising 4–5 fold 
(Calders et al. 2015). However, with 
improved volume and shape estimates made 
possible with TLS-based measurements, this 
error-term is held nearly constant, irrespec-
tive of tree diameter (Calders et al. 2015; 
Fig. 5.3). The impact on stand-scale biomass 
estimates of reducing the error for large trees 
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Fig. 5.3. Comparison of the absolute deviation (i.e. error, in kg) in estimated aboveground biomass using stan-
dard allometrically-derived estimates (in different species, left; generically for Eucalyptus, centre; and estimates 
derived using TLS, right). Note the lack of large deviation at large stem diameters using the TLS method. Surface 
area estimates should show similar patterns with tree size (Calders et al. 2015). ABG, aboveground biomass; 
DBH, diameter at breast height (in cm)
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is significant because they often represent 
more than 50% of the total biomass in old-
growth forests. Indeed, combined with 
woody tissue density data, TLS-based mea-
surement of tree structure is already enabling 
newly-robust quantification of above-ground 
biomass, with the strong likelihood of alter-
ing estimates of terrestrial carbon storage 
regionally and globally (Disney et al. 2017).

The detailed nature of the new structural 
data also opens up whole new opportunities 

for understanding differences in the funda-
mental connections among plant structure, 
branching patterns, plant physiology and the 
existence of ecological trait groupings based 
on whole-tree form. For example, recent 
TLS measurements made in the eastern 
Amazon have enabled a detailed tree-by-tree 
description of a mature tropical forest. The 
data also allow a range of branching metrics 
to be derived (Fig. 5.4). For example, whilst 
canopy volume and trunk length appear to 

Fig. 5.4. Tree reconstruction (a) and architectural metrics (b) for an eastern Amazon rainforest in Caxiuanã 
National Forest Pará, Brazil, using TLS. In panels b–d, architectural metrics are given for frequency distributions 
of crown volume, trunk length (m) and branch length (m, ×103). Note that some trees at this site have 5 km of 
branches or more. The tallest trees in this scan-based image are up to 50 m in height
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approximate a normal distribution with stem 
diameter, variation in branch length is clearly 
inverse-J shaped, with the larger trees sup-
porting over five kilometers of branch length 
in one Amazonian forest (Fig. 5.4). 
Extending the branching and surface area 
analysis further, separation of leaf area from 
woody-tissue structures is rapidly becoming 
possible, and offers an entirely new and 
comparatively rapid method of determining 
the variation of leaf area density with posi-
tion in the canopy, and of leaf area index 
(LAI) at stand-scale compared with existing 

methods (e.g. Kull et al. 1999; Meir et al. 
2001). These new data streams will trans-
form the quantitative determination of basic 
surface area or volume metrics, but they will 
also open up the opportunity to explore 
entirely new relationships describing plant 
form (e.g. Lin and Herold 2016) and func-
tion. For example in Fig. 5.5, a new TLS-
derived analysis of tropical tree structure 
shows that previously-accepted estimates of 
woody surface area become increasingly 
inaccurate at larger stem diameter, reaching 
errors of over 100% (Fig. 5.5a). It is now 

Fig. 5.5. Metrics of tree structure. (a) Comparison of TLS-derived surface area (when plotted against branch 
diameter) with standard derivations from Chambers et al. (2004) and hand measurement (dots) for different tree 
species (colours). (b) Total calculated surface area (m2) plotted against tree basal circumference (cm), derived 
from TLS data
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possible to relate total tree surface area or 
woody tissue volume to metrics such as 
basal circumference (Fig. 5.5b). Future work 
will investigate this, including detailed anal-
ysis of leaf area and branching structure, 
from branch tip to central stem. In this way 
we will, for the first time, begin to relate 
structural differences and canopy-level trait 
variations, and their ecological significance, 
in an interpretive integrated framework 
analogous to the more familiar study of leaf 
trait ‘economics’ (Wright et al. 2004).

VII. Implications of Terrestrial Laser 
Scanning (TLS) and Perspectives

The step-change in our capability to describe 
plant structure using TLS has immediate 
application in quantifying woody tissue CO2 
efflux rates and their variation with environ-
ment, insofar as respiration depends on 
structure. Using metrics of surface area, 
height, and diameter-frequency distributions 
by position in the canopy, spatially-detailed 
and environmentally-driven models of 
woody tissue CO2 efflux will soon be achiev-
able. It will therefore be possible to compare 
the extrapolation of field-based measure-
ments of CO2 efflux using different scalars, 
from the more complex but biologically 
appropriate models considering both woody 
volume and surface areas (Meir and Grace 
2002), to the simpler approaches of scaling 
by surface area (Chambers et al. 2004) or 
mass alone (Mori et al. 2010). Current meth-
ods of estimating total woody tissue respira-
tion based on surface area alone look likely 
to be significant underestimates for large 
trees, given the discrepancies in Fig. 5.5 
between standard calculations of surface 
area, and those based on TLS. How these 
biases scale to stand-level estimates will 
likely emerge in the near future. Fully inde-
pendent empirical tests of each scaled prod-
uct will remain challenging, and may need to 
fall back on comparison with carefully-
selected eddy covariance data, for example, 

examining data for periods of high turbu-
lence during the day or night. But a clear step 
forward will have been gained in represent-
ing this key contribution to understanding 
ecosystem respiration, ultimately informing 
how we specify the efflux of CO2 from 
woody tissue in vegetation models, and how 
it varies in concert with other components of 
the carbon cycle during either unconstrained 
growth conditions, or in response to stress, 
such as caused by El Niño climate 
perturbations.

The capability to calculate respiration 
coupled with detailed branching information 
also promises to inform general ecological 
theory that has been used to predict size, 
growth, and energy use based on natural 
selection over evolutionary timescales. The 
detailed empirical work of Mori et al. (2010) 
suggested that metabolism, represented by 
whole plant respiration, scales with mass 
such that the exponent on plant mass varies 
from 1 to 0.75, dependent on an increasing 
presence of dead non-metabolically active 
cells (Fig. 5.2). Application of TLS-derived 
structural metrics to chamber-based CO2 
efflux measurements and related anatomical 
data would provide an independent test of 
this double-power law rule that could be 
applied to very large numbers of trees in dif-
ferent locations.

More generally, the metabolic scaling the-
ory of West et al. (1997); ‘WBE’ also makes 
assumptions that are testable using new 
TLS-derived structural metrics. The WBE 
model uses the principle that energy is mini-
mized for the flow of water and nutrients 
from trunk to petioles along a specific space-
filling and area-preserving branching pat-
tern. The model has far-reaching predictive 
power in relation to form and function, 
though large variation occurs around the 
mean tendencies. It has attracted significant 
attention, both supportive and critical, but 
remains almost untested in terms of the 
assumed branching structure that underpins 
it. The primary model requires that branch-
ing in all plants is symmetrical such that at 
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each node, every daughter branch has identi-
cal length and radius, making the network 
self-similar (or fractal) though it has been 
extended recently to address implications of 
asymmetry (Brummer et al. 2017). Initial 
manual measurements of branching struc-
ture in nine ecologically contrasting temper-
ate-zone tree species suggested some 
consistency with the predictions of the WBE 
model in terms of space-filling by the 
observed branching, but inconsistency with 
the WBE model in terms of the conservation 
of inter-node lengths, which were found to 
be more variable than predicted, and of 
branch diameters, which were found to be 
highly conserved (Bentley et al. 2013). This 
outcome suggested partial failure of the orig-
inal WBE model, though it was consistent 
with the physical expectation that branch 
diameter alters hydraulic resistance much 
more strongly than length (the Hagen-
Poiseuille law), and therefore may be highly 
conserved. TLS-derived branching data will 
enable a much more complete examination 
of the generality of these early tests of the-
ory, addressing for example the trade-offs at 
whole-tree scale of the transport and use of 
carbon, as well as water. How mass, branch-
ing structure and leaf area reflect the differ-
ent needs of structure, metabolism and 
metabolite transport fundamentally under-
pins our understanding of functional plant 
biology. In combination with plant ecophysi-
ology, TLS offers to help open up this field 
for large woody plants.
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Summary

How leaf respiration (Rd) is represented in leading terrestrial biosphere models (TBMs) is 
reviewed, followed by an overview of how emerging global datasets provide opportunities 
to improve parameterization of leaf Rd in large-scale models. We first outline how TBMs 
have historically accounted for variations in respiratory CO2 release in mature leaves, using 
assumed relationships between leaf nitrogen, photosynthetic capacity and Rd. The need for 
TBMs to account for light inhibition of Rd in mature leaves is highlighted, followed by a 
discussion on how Rd of upper canopy leaves is used to predict maintenance respiration in 
whole plants. We then outline how respiratory energy requirements of growth are accounted 
for in TBMs, pointing out that current assumptions on the costs of biosynthesis are based on 
theoretical calculations that may not be valid for all plant species and environments. The 
chapter then considers how improvements might be made to TBMs with respect to the 
parameterization of leaf Rd. We show how recently compiled datasets provide improved 
capacity to predict global variations in baseline Rd measured at a standard temperature, and 
how baseline Rd likely acclimates to sustained changes in growth temperature. Application 
of this dataset reveals markedly higher rates of leaf Rd than currently predicted by TBMs, 
suggesting that TBMs may be underestimating global plant respiratory CO2 release. The 
availability of a new, global dataset on short- term temperature responses of leaf Rd is high-
lighted. Analysis of this dataset reveals that leaf Rd does not exhibit the exponential response 
assumed by most TBMs; rather, the temperature-sensitivity declines as leaves warm, with 
convergence in the temperature- response across biomes and plant functional types. We show 
how equations derived from these datasets may provide the TBM community with a new 
framework to improve representation of mature leaf respiration in TBMs.
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I.  Introduction

Over the past 30 years, increasing efforts 
have been put into the development of ter-
restrial biosphere models (TBMs) and asso-
ciated land surface components of Earth 
system models (ESMs) (Running and 
Coughlan 1988; Raich et al. 1991; Woodward 
et al. 1995; Haxeltine and Prentice 1996a; 
Ruimy et al. 1996; Cox et al. 1998; Cox 
2001; Sitch et al. 2008; Clark et al. 2011; 
Booth et al. 2012; Prentice and Cowling 
2013; Fisher et al. 2014). TBMs are used to 

represent carbon exchange between plants 
and the atmosphere, with CO2 release by 
plant respiration (R) being crucial for TBM 
predictions (King et al. 2006; Huntingford 
et al. 2013; Wythers et al. 2013), reflecting 
the fact that ~60 Pg carbon are respired by 
plants into the atmosphere each year 
(Prentice et al. 2001; Canadell et al. 2007; 
Denman et al. 2007; IPCC 2013). Because 
leaf R represents approximately half of over-
all respiratory CO2 release by whole-plants 
(Atkin et al. 2007), even small fractional 
changes in leaf respiration can have large 
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impacts on net carbon uptake by plants, 
which in turn can affect ecosystem net car-
bon exchange and storage (Piao et al. 2010). 
Moreover, by influencing the CO2 concen-
tration in the atmosphere, feedbacks can 
occur that alter the extent of future global 
warming (Cox et al. 2000; Huntingford et al. 
2013). There is growing acceptance, how-
ever, that representation of leaf respiration in 
TBMs is inadequate and lags behind that of 
photosynthetic parameterization, leading to 
large uncertainties in predictions of future 
climates and vegetation dynamics (Gifford 
2003; Leuzinger and Thomas 2011; 
Huntingford et al. 2013; Smith and Dukes 
2013; Lombardozzi et al. 2015). In this chap-
ter, we outline how foliar respiratory CO2 
release is currently parameterized in TBMs, 
and identify a range of areas where improve-
ment is now possible.

Both fully-expanded (i.e. mature) leaves 
and developing leaves contribute to respira-
tory rates of whole shoots; for both leaf tis-
sue types, variation in the rate of respiratory 
CO2 release can be influenced by factors 
such as availability of substrate, demand for 
respiratory products [e.g. adenosine triphos-
phate (ATP), reducing equivalents and/or tri-
carboxylic acid (TCA) cycle intermediates] 
and respiratory capacity (i.e. abundance of 
active respiratory proteins). Importantly, 
demand for respiratory products differs 
markedly between immature (i.e. expand-
ing) and mature (i.e. fully-expanded) leaves 
(Fig. 6.1; see also Chap. 8 in this volume), 
with energy demands for biosynthesis being 
dominant in expanding leaves, whereas 
maintenance processes (e.g. protein turn- 
over and maintenance of solute gradients) 
are central to energy demand in mature 
leaves (Penning de Vries 1975; Amthor 
2000; Bouma 2005). Reflecting this differ-
ence, a theoretical framework was conceived 
(Thornley 1970, 2011, Amthor 2000) that 
recognized that respiratory energy is used to 
support both growth (Rg) and maintenance 
(Rm) processes (the so-called ‘growth-and- 
maintenance-respiration paradigm’–

GMRP) (Amthor 2000). While the GMRP is 
not without its critics [e.g. respiration in 
mature leaves is also likely influenced by 
growth-linked processes such as the energy 
costs associated with phloem loading 
(Bouma et al. 1995)], it nonetheless forms 
the basis of how whole-plant respiration (Rp) 
is parameterized in most TBMs (Gifford 
2003; Smith and Dukes 2013; see Table 6.1 
for details). For example, in the Community 
land surface model JULES [Joint UK Land 
Environment Simulator (Clark et al. 2011)], 
used as the land surface scheme in the UK 
Hadley Centre climate models, the starting 
point for modeling Rp is to first predict rates 
of respiration of mature leaves at 25 oC (i.e. 
Rd), with leaf Rd then used to estimate rates 
of maintenance respiration in whole shoots 
and roots (Rpm) (Fig. 6.2). Whole-plant 
growth respiration (Rpg) is then calculated as 
one quarter of whole-plant gross primary 
productivity (GPP) minus Rpm, with overall 
Rp being estimated from the sum of Rpm plus 
Rg (Fig. 6.2). In subsequent sections, we out-
line how respiratory rates of developing and 
mature leaves are accounted for in leading 
TBMs such as JULES, highlighting uncer-
tainties and areas where our growing under-
standing of how genotypic and environmental 
variation in leaf respiration across the globe 
could be used to improve the predictive 
capacity of TBMs.

When considering how to improve repre-
sentation of leaf Rd in TBMs, the ideal solu-
tion would be to develop a process-based 
model that accurately predicts spatial and 
temporal variations in respiratory fluxes. For 
photosynthesis, a mechanistic biochemical 
framework is available (Farquhar et al. 1980), 
enabling CO2 uptake to be modeled in TBMs 
(e.g. Haxeltine and Prentice 1996a; Cox 
2001; Clark et al. 2011; Ziehn et al. 2011; 
Oleson et al. 2013; Ali et al. 2015). However, 
while our understanding of the underlying 
factors that regulate leaf respiratory fluxes 
has improved markedly in recent years 
(Plaxton and Podesta 2006; Noguchi and 
Yoshida 2008; Buckley and Adams 2011; 
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Fig. 6.1. Developmental changes in leaf (R). Solid line shows R declining sharply as leaves expand (Azcón- 
Bieto et al. 1983; Fredeen and Field 1991; Evans et al. 2000; Armstrong et al. 2006), meeting energy demands 
associated with biosynthesis (i.e. cell division and expansion) & maintenance (e.g. protein turnover and mainte-
nance of solute gradients) processes (Penning de Vries 1975; Amthor 2000; Bouma 2005). In expanding leaves, 
demands of biosynthesis are dominant. Maintenance costs become relatively more important as leaves expand, 
being dominant in mature leaves; potentially, energy demands associated with sucrose and amino acid produc-
tion/export (Bouma 2005) may also influence rates of mature leaf respiration. Thus, variation in demand for 
respiratory products from mature leaves – such as might occur when plants vary in whole plant growth rates with 
concomitant changes in demand for sucrose/amino acid export from mature leaves to meristematic regions – 
could potentially impact on respiratory rates of mature leaves

Kruse et al. 2011; Millar et al. 2011; Tcherkez 
et al. 2012; Sweetlove et al. 2013), at present 
there is no ‘Farquhar-model- equivalent’ for 
leaf Rd. Recognizing this, the TBM commu-
nity has – by necessity – relied on a phenom-
enological approach to predict variation in 
leaf Rd in TBMs, using reported relationships 
between Rd of mature leaves and associated 
traits, and chemical analyses of plant tissues 
to predict whole-plant growth respiration. 
However, when TBMs were first developed, 
relatively few data were available on Rd of 
mature leaves, requiring them to rely on mea-
surements made on a limited number of spe-
cies/environments (e.g. Farquhar et al. 1980; 
Ryan 1991; Collatz et al. 1992; Ryan 1995; 

Haxeltine and Prentice 1996a; Ruimy et al. 
1996; see Table 6.1 for details).

In subsequent sections, we discuss in 
detail how variations in leaf Rd have histori-
cally been parameterized in leading TBMs, 
and highlight key uncertainties in assumed 
relationships between Rd of mature leaves 
and associated traits. How leaf Rd is scaled to 
whole plants is also outlined; as part of this 
section, we discuss the basis upon which 
growth respiration (Rpg) is accounted for in 
TBMs, and discuss whether the assumption 
by TBMs of a single growth respiration coef-
ficient (gR – i.e. respiratory CO2 released per 
unit biomass produced by growth) for all 
plants is valid. The chapter concludes with a 
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section on potential ways parameterization 
of global variations in mature-leaf Rd over 
different time scales could be improved in 
future versions of TBMs. The chapter does 
not provide a comprehensive update on the 
role of genotype and environment in deter-
mining variations in mature-leaf Rd, which 
while important are beyond the scope of this 
chapter. Here, readers are encouraged to 
consult relevant reviews and primary litera-
ture (e.g. Atkin and Tjoelker 2003; Gonzelez- 
Meler et al. 2004; Atkin et al. 2005, 2015; 
Flexas et al. 2005; Rodríguez-Calcerrada 
et al. 2010; Searle et al. 2011b; Slot et al. 

2013, 2014; Smith and Dukes 2013; Ayub 
et al. 2014; Way and Yamori 2014; 
Weerasinghe et al. 2014; Slot and Kitajima 
2015; Vanderwel et al. 2015; Drake et al. 
2016; Heskel et al. 2016b; Reich et al. 2016; 
Rowland et al. 2016).

Finally, a note on abbreviations used to 
describe leaf respiration. In most TBMs, res-
piration of mature leaves is designated as 
‘Rd’. However, this can occasionally cause 
confusion when interpreting precisely what 
the abbreviation ‘Rd’ refers to. In leaf-level 
studies assessing variations in gas exchange 
rates, Rd is often used to describe leaf 

Fig. 6.2. Schematic showing progression via which whole-plant respiration rates (Rp) are calculated from leaf 
nitrogen in the land surface model of JULES (Joint UK Land Environment Simulator) (Cox 2001; Clark et al. 
2011). For individual plant functional types (PFTs), assumed foliar N concentrations are used to predict maximum 
rates of CO2 carboxylation by Rubisco (Vcmax) at a standard temperature of 25 °C, based on assumed Vcmax–[N] 
relationships derived from Schulze et al. (1994). Thereafter, maintenance respiration in mature leaves (Rd) at the 
standard temperature of 25 °C is estimated based on assumed Rd-Vcmax relationships (Farquhar et al. 1980; Collatz 
et al. 1991, 1992). Then, rates of leaf Rd at other temperatures are calculated assuming a Rd-temperature relation-
ship such as a fixed Q10 approach. Whole-plant maintenance respiration (Rpm) is then estimated via assumptions 
of how N is allocated among leaves, stems and roots, and respiration-[N] relationships in each organ. Crucially, 
this approach assumes a common maintenance R-N relationship in above and below-ground organs. Finally, rates 
of Rpm are modulated by a soil-moisture correction factor, β to yield the final whole-plant Rpm estimate. Whole-
plant growth respiration (Rpg) is then calculated as being 25% of the residual of gross primary productivity (GPP) 
minus Rpm
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 respiration measured in darkness (e.g. Reich 
et al. 1998; Pons and Welschen 2002; Lee 
et al. 2005; Liang et al. 2013). However, in 
the paper that often forms the basis of TBM 
estimates of GPP, Rd was defined as non- 
photorespiratory mitochondrial CO2 release 
in the light (Farquhar et al. 1980), with 
Brooks and Farquhar (1985) subsequently 
defining Rd as being ‘day’ respiration (also 
designated as ‘Rday’), and respiration in dark-
ness as being ‘Rn’ (i.e. ‘night’ respiration). 
With the exception of a few studies (Mercado 
et al. 2007; Clark et al. 2011; Harper et al. 
2016), TBMs typically assume that Rd = Rn 
(i.e. light does not inhibit leaf respiration). 
For this reason, in most sections in this chap-
ter, we use the term ‘Rd’ to refer to leaf respi-
ration taking place throughout the 24-h cycle 
(day and night). The only exception is a sec-
tion devoted to the topic of light inhibition of 
leaf respiration, where we use the terms Rlight 
and Rdark to define fluxes measured in the 
light and dark, respectively.

II. Representation of Leaf 
Respiration in Terrestrial Biosphere 
Models

As noted above, there is no single approach 
to estimating plant respiration in TBMs, with 
Schwalm et al. (2010) reporting 15 unique 
approaches in a survey of 21 TBMs. 
However, in models that explicitly represent 
leaf Rd, a common approach is to relate Rd to 
foliar nitrogen concentration ([N]) and/or 
photosynthesis (Fig. 6.2, Table 6.1). Such 
approaches are based, in part, on the fact that 
variations in foliar [N], and/or photosyn-
thetic rates, impact on the demand for respi-
ratory products (e.g. ATP, reducing 
equivalents and/or carbon skeletons) by met-
abolic processes such as phloem loading, N 
assimilation and protein turn-over (Lambers 
1985; Bouma et al. 1994, 1995; Noguchi and 
Yoshida 2008). Photosynthesis can also 
impact on respiratory rates via demand for 
ATP associated with sucrose synthesis, 

exchange of excess redox equivalents and 
substrate supply (Krömer et al. 1988; 
Raghavendra et al. 1994; Krömer 1995; 
Hoefnagel et al. 1998). Moreover, as N is a 
core component of the photosynthetic sys-
tem, positive relationships are often observed 
between light-saturated photosynthesis and 
[N] (Field and Mooney 1986; Evans 1989; 
Schulze et al. 1994) as well as between leaf 
Rd and [N] (Ryan 1991, 1995; Reich et al. 
1996, 2008; Wright et al. 2006; Atkin et al. 
2015). Hence, the use of foliar [N] and/or 
photosynthesis to predict leaf Rd in TBMs is 
based on a solid empirical and theoretical 
framework. For models that predict variation 
in leaf Rd via assumed relationships with 
photosynthetic capacity, foliar [N] remains 
often pivotal, reflecting assumed relation-
ships between photosynthesis and [N] (e.g. 
Fig. 6.2). In this section, we discuss details 
on how respiratory fluxes are predicted from 
foliar [N] and/or photosynthesis in a range of 
leading TBMs, highlighting, where possible, 
the source datasets that underpin the assumed 
relationships.

A. Using Foliar Nitrogen As a Predictive 
Trait for Mature Leaf Respiration

Terrestrial biosphere models such as Biome- 
BGC (Thornton et al. 2005), Century (Parton 
et al. 1987), CLM (Oleson et al. 2013) and 
O-CN (Zaehle and Friend 2010) predict rates 
of leaf Rd based on Rd-[N] relationships 
reported by Ryan (1991; Table 6.1). Foliar N 
(used as a proxy for N uptake) is also used to 
predict leaf Rd in Sheffield DGVM 
(Woodward et al. 1995; Woodward and 
Lomas 2004). In LPJ, rates of leaf Rd are also 
predicted based on assumed Rd-[N] relation-
ships that are PFT (plant functional type) and 
biome specific, corrected for tissue C:N 
ratios and which are ultimately derived from 
Ryan (1991). In Ryan (1991), data from nine 
herbaceous and two coniferous tree species 
(i.e. 11 species in total) were assembled from 
published literature to assess the overall rela-
tionship between foliar Rd (mol C mol 
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N−1 h−1) measured at 20 °C and [N] (mol 
N mol C−1), yielding:

 
Rd at C N20 0 0106°( ) = [ ].  (6.1)

Thus, rates of Rd at a set measuring tem-
perature can be predicted in TBMs by using 
information on foliar [N]. TBMs using this 
approach assume that all PFTs and biomes 
follow the same Rd-[N] relationship. In a 
subsequent comparison of 14 tree species, 
Ryan (1995) found that the relationship 
between Rd and [N] did not differ between 
boreal and sub-alpine sites and that there 
was relatively little variability in N-based 
rates of leaf Rd among species; thus, the 
assumption of a common Rd-[N] relationship 
across PFTs and biomes appeared to hold. 
Subsequently, Amthor and Baldocchi (2001) 
collated published data on N-based rates of 
leaf Rd (measured at different temperatures, 
depending on the study) for 23 species 
[including data from Ryan (1991)]. For the 
current chapter, we have normalized rates to 
20 °C assuming a fixed Q10 (i.e. proportional 
change in metabolic rates per 10 °C change 
in temperature) of 2.2, and excluded data 
from soybean that exhibited particularly 
high Rd [17.4 μmol CO2 mol−1 N s−1; (Thomas 
and Griffin 1994)]; analysis of the resultant 
dataset revealed three-fold variation in 
N-based rates of leaf Rd (2.2 – 6.8 μmol 
CO2 mol−1 N s−1). Contained within this 
comparison were species from several PFTs 
(C3 grasses and forbs, broad-leaved ever-
green trees, broad-leaved deciduous trees, 
and conifers), suggesting that Rd-[N] rela-
tionships may differ among PFTs. Indeed, a 
cross-biome comparison revealed that rates 
of Rd at a given [N] differ among PFTs 
[forbs > broad-leaved shrubs > broad-leaved 
trees > needle-leaved trees; (Reich et al. 
1998)]. Later, Reich et al. (2008) found that 
the y-axis intercept of Rd-[N] relationships 
was highest in herbs, followed by woody 
angiosperms, and with gymnosperms exhib-
iting the lowest Rd-[N] intercept. PFTs also 

differed with respect to the slope (exponent) 
of the Rd-[N] relationship, with the slope 
ranking: gymnosperms > woody angio-
sperms > herbs. The slope of the Rd-[N] rela-
tionship was consistently >1.0 (Reich et al. 
2008), likely reflecting the combined effects 
of higher energy requirements and greater 
allocation of tissue N to metabolism (relative 
to non-metabolic N pools) in metabolically 
active tissues (Poorter and Evans 1998; 
Reich et al. 2008).

Recently, a comparison of 899 species 
across 100 globally-distributed sites also 
found that rates of Rd (at 25 °C) at a given 
[N] differ among PFTs [C3 
herbs > shrubs > broad-leaved trees > needle- 
leaved trees; (Atkin et al. 2015)]. Rates of Rd 
(at 25 °C) at a given [N] are also higher in 
plants growing in cold environments than 
their warm-grown counterparts (Tjoelker 
et al. 1999; Atkin et al. 2008, 2015) and 
higher in plants growing in high-light than 
low-light environments (Wright et al. 2006). 
In some studies, nutrient supply and/or soil 
moisture have also been shown to influence 
rates of Rd at a given [N] (Meir et al. 2001; 
Wright et al. 2001; Atkin et al. 2013; 
Rowland et al. 2016). Collectively, these 
observations strongly suggest that there is no 
common leaf Rd-[N] relationship across 
PFTs and environments. Given this, if leaf 
nitrogen is used as a predictor of Rd in TBMs, 
PFT-specific equations that take growth tem-
perature/irradiance, soil moisture, and/or 
nutrient availability into account are needed. 
Later, we discuss an example of how this 
approach can be implemented (Atkin et al. 
2015).

Why does the rate of leaf Rd at a given [N] 
vary among plants? There are three possible 
reasons, in principle: (i) differential alloca-
tion of nitrogen within leaves to metabolic 
and non-metabolic components; (ii) factors 
that might influence the metabolic flux 
through the respiratory system; and (iii) ther-
mal effects (e.g. acclimation to sustained 
changes in growth temperature). For (i), it is 
now well established that the fraction of total 
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leaf N allocated to photosynthetic processes 
differs among and within PFTs. For exam-
ple, a greater fraction of leaf N is allocated to 
photosynthesis in C3 herbs than broad-leaved 
trees (with reduced allocation to non-photo-
synthetic components such as cell wall and 
structural proteins), leading to higher rates of 
photosynthesis per unit leaf N (Field and 
Mooney 1986; Reich et al. 1997; Poorter and 
Evans 1998; Hikosaka 2004; Pons and 
Westbeek 2004; Warren and Adams 2004). N 
allocation to photosynthesis is also greater in 
species with low leaf mass per unit leaf area 
(LMA, g dry mass m−2) than their high LMA 
counterparts (Takashima et al. 2004; Warren 
and Adams 2004; Harrison et al. 2009; Bahar 
et al. 2017). Given tight metabolic coupling 
between mitochondria and chloroplasts 
(Raghavendra et al. 1994; Hoefnagel et al. 
1998), one would expect increased alloca-
tion of leaf N to photosynthetic processes to 
also be associated with increased allocation 
of leaf N to respiratory proteins. In turn, this 
would result in higher rates of leaf Rd at a 
given [N], not necessarily because of higher 
respiratory fluxes per se, but because more 
of the total leaf N pool is linked to metabo-
lism. For (ii) on factors that influence respi-
ratory rates, variability in N allocation could 
also be important, reflecting the likelihood 
that proteins involved in metabolism exhibit 
higher turn-over rates than their structural N 
counterparts (Nelson et al. 2014), thus 
increasing ATP demand associated with pro-
tein synthesis and repair (Hachiya et al. 
2007). Indeed, variation in energy demand is 
likely to be a major factor responsible for 
variation in rates of leaf Rd at a given [N], 
influenced not only by protein turn-over 
[which likely accounts for near 20% of noc-
turnal respiration (Bouma et al. 1994)], but 
also other maintenance processes (e.g. main-
tenance of solute gradients) (Amthor 2000; 
Bouma 2005). Variation in the engagement 
of non-phosphorylating pathways of mito-
chondrial electron transport (e.g. alternative 
oxidase, rotenone-insensitive NADH dehy-
drogenase, external NAD(P)H dehydroge-

nase), proton leakage through the inner 
mitochondrial membrane and proton flux via 
uncoupling proteins (PUMP) could all 
reduce the efficiency of ATP synthesis 
(Affourtit et al. 2001; Sweetlove et al. 2006; 
Armstrong et al. 2008; Millar et al. 2011; 
Searle et al. 2011a; Kornfeld et al. 2012), 
leading to variation in the rate of leaf Rd at a 
given [N]. For the third point on factors 
affecting respiratory rates (thermal effects), 
see section II.C of this chapter.

B. Links Between Respiration 
and Photosynthetic Metabolism 
in Mature Leaves

As noted above, in TBMs that predict Rd 
from assumed relationships with photosyn-
thesis, the starting point can still originate 
with foliar [N]. Strong positive relationships 
are often reported between light-saturated 
rates of photosynthesis (A) and N, reflecting 
the importance of leaf N for light harvesting, 
photosynthetic electron transport and car-
boxylation capacity (Field and Mooney 
1986; Evans 1989; Schulze et al. 1994; Reich 
et al. 1999). Similarly, maximum carboxyl-
ation capacity of Rubisco (Vcmax) is often 
positively correlated with leaf [N] (Meir 
et al. 2002; Kattge et al. 2009; Domingues 
et al. 2010; Walker et al. 2014). Reflecting 
this, many TBMs predict variation in Vcmax 
based on assumed relationships with leaf 
[N]. An example is the TRIFFID dynamic 
global vegetation model (Cox et al. 1998, 
2000; Cox 2001) – implemented in JULES 
(Clark et al. 2011) – where Vcmax (mol 
CO2 m−2 s−1) at 25 °C is assumed to be lin-
early dependent on leaf [N], nl in the JULES 
terminology [kg N (kg C)−1] according to:

 V ncmax l for C plants= 0 0008 3.  (6.2)

and

 V ncmax l for C plants= 0 0004 4.  (6.3)
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with the constants being derived from a sur-
vey of 23 studies by Schulze et al. (1994), 
assuming that leaf dry matter is 40% C by 
mass and that Vcmax is equal to twice light- 
saturated net photosynthesis for C3 plants 
and equal to light-saturated net photosynthe-
sis for C4 plants.

TBMs that use Vcmax to predict rates of leaf 
Rd (Table 6.1) adopt a range of coefficients to 
link the two processes. For example, in 
BETHY, leaf Rd was assumed to be 1.1% of 
Vcmax for C3 plants (Knorr 2000; Ziehn et al. 
2011), reflecting the assumed relationship 
reported in Farquhar et al. (1980). For C4 
plants, leaf Rd was assumed to be 4.2% of 
Vcmax (Knorr 1997). In both BIOME3 
(Haxeltine and Prentice 1996a) and JULES 
(Cox 2001; Clark et al. 2011), leaf Rd was 
assumed to be 1.5% of Vcmax for C3 plants 
(Collatz et al. 1991); interestingly, the latter 
study cited Farquhar et al. (1980) as its 
source for the leaf Rd-Vcmax relationship 
(although in that reference, leaf Rd was 
assumed to be 1.1% of Vcmax for C3 plants, 
not 1.5%). BIOME3 and JULES differ in 
their predicted leaf Rd-Vcmax relationships for 
C4 plants [4.2% (Knorr 1997) and 2.5% 
(Collatz et al. 1992), respectively], with nei-
ther estimate based on large screening of leaf 
respiration rates in C4 plants. Indeed, in 
Collatz et al. (1992), the estimate was based 
solely on measurements made on corn. Thus, 
in none of the models linking Vcmax to leaf Rd 
is the assumed relationship based on com-
prehensive surveys of respiratory and photo-
synthetic values in nature. Moreover, no 
allowance is made for variations in rates of 
leaf Rd at a given Vcmax, even though there is 
now evidence that leaf Rd-Vcmax relationships 
vary among PFTs and environments (Atkin 
et al. 2015). For example, at 25°C leaf Rd as 
a percentage of Vcmax is higher in C3 herbs 
(7.8%) than shrubs (4.5%), needle-leaved 
trees (3.8%) and broad-leaved trees (3.3%). 
Further, leaf Rd at a given Vcmax (at 25 °C) is 
greater in plants growing in cold than warm 
biomes (Atkin et al. 2015). From these 
observations, two conclusions can be made: 

(i) for most species, leaf Rd as a percentage 
of Vcmax is actually greater than that assumed 
in current TBMs; and (ii) leaf Rd-Vcmax rela-
tionships vary amongst PFTs and biomes. 
The next generation of TBMs will have to 
account for these observations, if leaf Rd 
continues to be predicted from modeled rates 
of Vcmax.

C. Temperature Dependence 
of Mature Leaf Respiration in TBMs

In the TBMs listed in Table 6.1, rates of Rd 
(predicted from assumed Rd-[N] and/or Rd- 
Vcmax relationships) at a specified reference 
temperature are used to model rates of Rd at 
other leaf temperatures. How leaf Rd varies 
with temperature is crucial for TBM predic-
tions, because of the importance of 
temperature- mediated changes in respiratory 
CO2 efflux in determining future carbon stor-
age in vegetation and atmospheric CO2 con-
centrations (King et al. 2006; Atkin et al. 
2008; Huntingford et al. 2013; Wythers et al. 
2013; Lombardozzi et al. 2015; Heskel et al. 
2016b). Here, consideration needs to be 
given to how Rd responds to temperature, 
both over short (e.g. minutes-hours) and 
long (days, months, years) periods of time.

In most TBMs, leaf Rd is assumed to 
increase exponentially with increasing tem-
perature, with the Q10 value (i.e. proportional 
increase in Rd per 10 °C increase in leaf T) 
assumed to be fixed through time (with typi-
cal values of 2.0–2.3). Examples of TBM 
frameworks using a fixed Q10 include 
BIOME-BGC (Running and Coughlan 
1988), Century (Melillo et al. 1993), CLM4.5 
(Oleson et al. 2013), JULES (Cox 2001) and 
TEM (Raich et al. 1991). In an earlier ver-
sion of JULES (i.e. MOSES-TRIFFID) that 
modeled global carbon fluxes under a 
‘business- as-usual’ emission scenario, the 
assumption of a fixed Q10 of 2.0 resulted in 
positive carbon feedbacks that increased 
future atmospheric CO2 concentrations and 
global temperatures (Cox et al. 2000). 
Importantly, by assuming a fixed tempera-
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ture response of Rd, global respiratory CO2 
release was predicted to exceed global GPP 
by the end of the century, making the land 
surface a net source of CO2 to the atmo-
sphere (Cox et al. 2000). Earlier versions of 
MOSES-TRIFFID (Cox et al. 1998, 1999) 
allowed leaf Rd to follow the same tempera-
ture dependency as Vcmax, with the latter 
incorporating low and high temperature limit 
functions into the calculation of temperature 
dependence. More recently, JULES was 
modified to yield a bell-shaped temperature 
function, with peak rates of leaf Rd at 32 °C 
(via linking leaf Rd to Vcmax, and assuming the 
latter has a peak rate at 32 °C) (Huntingford 
et al. 2013). Doing so results in marked 
increases in carbon storage in land vegeta-
tion in the tropics, when compared to model 
runs that assumed a fixed Q10 of 2.0 
(Huntingford et al. 2013). Thus, TBMs pre-
dictions are strongly dependent on whether 
or not a fixed Q10 is used.

The assumption of a constant Q10 (i.e. a 
Q10 that is independent of leaf temperature) 
is in some ways surprising, as it has been 
long recognized that the temperature- 
response of Rd is highly variable (James 
1953; Forward 1960; Tjoelker et al. 2001). 
For example, changes in growth temperature 
that last several days, can alter the short-term 
Q10 (Atkin et al. 2005; Armstrong et al. 
2008), with Q10 values often varying season-
ally (Atkin et al. 2000b; Zaragoza-Castells 
et al. 2008). There is also evidence that 
temperature- corrected Q10s can vary with 
climate of origin amongst woody species 
(Criddle et al. 1994) and that Q10s are lower 
in tissues where substrates and/or energy 
demand limit respiration (Atkin and Tjoelker 
2003). Moreover, Q10 values decline as mea-
surement temperature increases (James 
1953; Forward 1960; Tjoelker et al. 2001; 
Atkin and Tjoelker 2003; Zaragoza-Castells 
et al. 2008; Heskel et al. 2016b), with the Q10 
reaching unity (i.e. Q10 = 1.0) at high leaf 
temperatures as Rd reaches a maximum rate 
(at Tmax). Beyond Tmax, further heating results 
in irreversible declines in Rd (i.e. Q10 < 1.0). 

Reflecting this, a number of models allow 
for decreasing temperature sensitivity of Rd 
as leaves warm, either using a modified Q10 
(Tjoelker et al. 2001) such as in BETHY, or 
via application of modified Arrhenius activa-
tion energy (Ea) functions (Robson 1981; 
Paembonan et al. 1991; Lloyd and Taylor 
1994) such as in LPJ, O-CN and Sheffield 
DGVM.

With the exception of BETHY (Knorr 
2000) and LPJ (Bonan et al. 2003; Sitch 
et al. 2003), rates of leaf Rd at a standard 
temperature are static within current genera-
tion TBMs, with no allowance made for 
potential changes in those reference values 
of Rd in response to sustained changes in 
growth temperature. That is, leaf Rd is not 
allowed to thermally acclimate despite 
mounting evidence that leaf Rd does adjust to 
sustained changes in growth temperature. 
Acclimation can result in homeostasis of Rd 
in plants grown at different temperatures, 
when measured at their respective growth 
temperatures (Larigauderie and Körner 
1995; Atkin and Tjoelker 2003). Acclimation 
also results in Rd (at a standard temperature) 
increasing upon cold acclimation and declin-
ing upon acclimation to warmer temperature. 
Growth temperature dependent changes in 
Rd at a standard temperature can occur over 
periods of a few days (Atkin et al. 2000b; 
Bolstad et al. 2003; Lee et al. 2005; Zaragoza- 
Castells et al. 2007; Armstrong et al. 2008), 
suggesting that respiration metabolism accli-
mates to changes in growth temperature over 
time scales of several days and longer (Reich 
et al. 2016). As discussed in later sections, 
acclimation also manifests itself at the global 
scale, resulting in higher rates of leaf Rd at a 
given measuring temperature in plants grow-
ing in cold environments compared to warm 
habitats (Atkin et al. 2015; Vanderwel et al. 
2015). Importantly, acclimation results in a 
reduction in the long-term 
 temperature- sensitivity of Rd (Fig. 6.3; 
Larigauderie and Körner 1995); as such, 
accounting for thermal acclimation is likely 
to be important when predicting rates of 
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respiratory CO2 release at global and regional 
levels, especially in response to increasing 
growth temperatures that are a consequence 
of global warming (King et al. 2006; Atkin 
et al. 2008; Smith and Dukes 2013; Wythers 
et al. 2013; Lombardozzi et al. 2015; Reich 
et al. 2016). Accounting for acclimation (via 
growth-temperature mediated changes in 
leaf Rd at a standard temperature) is likely to 
increase overall estimates of leaf Rd in cool 
habitats (e.g. arctic and boreal ecosystems), 
whereas it may lead to lower estimates of 
leaf Rd in warmer habitats (Atkin et al. 2008). 
In recent runs of CLM4.5, Lombardozzi 
et al. (2015) reported that accounting for 
thermal acclimation of both photosynthesis 
and respiration has a marked impact on ter-
restrial carbon pools, with high latitudes 
gaining the most carbon under acclimation 
(reflecting the greater gains through photo-

synthesis than increased carbon losses by 
respiration), whereas accounting for accli-
mation had little impact on tropical carbon 
pools. Similarly, accounting for thermal 
acclimation of respiration alone in the 
PnET-CN ecosystem model was found to 
increase NPP by 9% when averaged across 
high latitude grassland and forests (Wythers 
et al. 2013). Thus, failure to account for ther-
mal acclimation of leaf Rd in TBMs is likely 
to lead to marked overestimates in the extent 
to which respiratory CO2 release increases as 
global warming heats individual ecosystems.

D.  Light Inhibition of Leaf Respiration

As noted earlier, most TBMs typically 
assume that rates of leaf respiration taking 
place in the light are the same as those in 
darkness (i.e. light does not inhibit leaf res-

Fig. 6.3. Diagram to illustrate the impacts of thermal acclimation on modeled rates of leaf respiration. In most 
TBMs, rates of leaf respiration (leaf Rd) at a standard measuring temperature (here shown at 25 °C) are used 
to model rates of leaf Rd at other temperatures assuming that respiration does not thermally acclimate; the no-
acclimation scenario (in blue) shows values where leaf Rd increases with temperature according to a fixed Q10 
approach. The dashed line shows calculated rates of leaf Rd across a range of temperatures for a scenario where 
leaf Rd acclimates to sustained changes in growth temperature. This is achieved via allowing the rate of leaf Rd at 
the standard measuring temperature to increase and decrease when growth temperatures are below and above the 
standard temperature, respectively. Thus, when TBMs that have the standard temperature at 25 °C are initially 
spun-up to equilibrium, accounting for acclimation will result in increased rates of leaf Rd where daily average 
growth temperatures are <25 °C (i.e. most environments) compared to models that do not account for acclima-
tion. Similarly, accounting for acclimation will result in reduced rates of leaf Rd in hot tropical ecosystems (Atkin 
et al. 2008). Thereafter, as all ecosystems warm, acclimation reduces predicted future increases in leaf Rd
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piration). Yet, there is long-standing evi-
dence that rates of leaf respiration in the 
light/day (Rlight) are often lower than those in 
darkness/night (Rdark) (Sharp et al. 1984; 
Brooks and Farquhar 1985; Pärnik and 
Keerberg 1995; Villar et al. 1995; Atkin et al. 
1997; Pärnik et al. 2007; Way et al. 2015). 
Indeed, when measured at a common tem-
perature, Rlight can be 80% lower than Rdark 
(Atkin et al. 2006; Zaragoza-Castells et al. 
2007). This issue has been acknowledged 
and addressed in the latest version of JULES 
(Clark et al. 2011). Failure to account for 
light inhibition can lead to large over- 
estimates of daily respiration in individual 
leaves (Atkin et al. 2006), and whole ecosys-
tems [and hence by necessity net primary 
productivity (Janssens et al. 2001; Wohlfahrt 
et al. 2005; Mercado et al. 2007; Bruhn et al. 
2011; Heskel et al. 2013; Wehr et al. 2016)]. 
It can also have important implications for 
our understanding of the processes control-
ling the rate of net CO2 assimilation in the 
light (Anet), particularly in ecosystems exhib-
iting low rates of Anet where assuming that 
leaf R takes place at similar rates in the dark 
and light can result in substantial errors in 
estimates of carboxylase (Vc) and oxygenase 
(Vo) rates of Rubisco.

Given the lack of understanding of how 
light inhibition varies among terrestrial 
biomes, attempts to account for light inhibi-
tion in TBMs have had to rely on assumed 
inhibition values. Lloyd et al. (1995) pro-
vided one of the earliest attempts to model 
light inhibition through forest canopies using 
Rlight versus irradiance curves from work on 
tobacco by Brooks and Farquhar (1985), 
where respiration in darkness was assumed 
to equal respiration in the light when growth 
irradiance <10 μmol photons m−2 s−1, but 
with Rlight < Rdark when canopy irradiance 
>10 μmol photons m−2 s−1, the latter calcu-
lated according to the equation:

 
R I Rlight o dark= ( ) 0 5 0 05. . ln−  (6.4)

with Io being the incoming irradiance at the 
top of the canopy. This approach has since 
been applied in JULES (Mercado et al. 2007; 
Clark et al. 2011). Later, in a study modeling 
CO2 exchange in tropical forests, Lloyd et al. 
(2010) used data from an evergreen tree spe-
cies Eucalyptus pauciflora (Atkin et al. 
2000a) to formulate an equation that mod-
eled the irradiance dependence of leaf respi-
ration according to:

 
R R I

I
Ilight dark= −

+
+









1 α

β
γ
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where α, β, and γ are fitted empirical con-
stants with values of 0.9575 and 
29.85 μmol m−2 s−1 and 5.114 × 10−5 μmol 
photons μmol−1 CO2, respectively, and I is 
the irradiance experienced by a leaf. Using 
this approach results in a 73%, 82% and 88% 
inhibition of leaf respiration at irradiances 
(I) of 100, 200 and 500 μmol photons m−2 s−1, 
respectively. More recently in studies using 
the JULES TBM, a uniform 30% inhibition 
of leaf respiration has been applied in condi-
tions when irradiance >10 μmol pho-
tons m−2 s−1 (Clark et al. 2011; Harper et al. 
2016). While the assumption of 30% inhibi-
tion has yet to be assessed across a range of 
habitats and species, a recent analysis of 
light inhibition in eight tropical forest spe-
cies growing in North Queensland, Australia, 
found average light inhibition of 32% 
(Weerasinghe et al. 2014). Yet, we continue 
to lack data on patterns of light inhibition 
across a wider range of species.

Crucial to successful incorporation of 
light inhibition of leaf respiration into large 
scale models will be determining whether 
the degree of light inhibition differs system-
atically among plant species adapted to con-
trasting habitats. Whether there are 
systematic differences among species/
biomes in the degree of light inhibition of 
leaf respiration will depend on: (i) the mech-
anisms responsible for light inhibition; and 
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(ii) whether species differ in those traits 
associated with inhibition. While the factors 
responsible for light inhibition remain uncer-
tain, past studies have pointed to light- 
dependent reductions in the activity of the 
pyruvate dehydrogenase (PDH) complex 
(Budde and Randall 1990; Gemel and 
Randall 1992) and malic enzyme (Hill et al. 
1992) thought to play a role. Both enzymes 
play central roles in regulating carbon flow 
from glycolysis through the tricarboxylic 
acid (TCA) cycle in mitochondria. Further, 
transition to a truncated TCA cycle in the 
light, that results from removal of carbon 
skeletons to support N-assimilation (e.g. 
synthesis of glutamate) and transfer of amino 
groups within the photorespiratory pathway, 
can result in reduced rates of TCA cycle CO2 
release (Igamberdiev et al. 2001; Tcherkez 
et al. 2005, 2008, 2012). Increased use of 
stored organic acids can also reduce demand 
for TCA cycle intermediates, potentially 
slowing rates of Rlight (Gauthier et al. 2010). 
Metabolic modeling has also suggested that 
reduced rates of the oxidative pentose phos-
phate pathway (OPPP) in the light might 
also contribute to lower Rlight compared to 
Rdark (Buckley and Adams 2011). Common 
to a number of the above factors is a link to 
photorespiratory metabolism, with high rates 
of photorespiration being linked to reduced 
PDH activity and increased demand for TCA 
intermediates. Similarly, changes in the 
demand for TCA intermediates by N assimi-
lation could impact on the degree of light 
inhibition. Thus, it remains possible that cri-
teria that predict variations in the degree of 
light inhibition might be identified via 
screening rates of Rlight, Rdark, photorespira-
tion and N assimilation in a wide range of 
plant species representative of PFTs used in 
TBMs. At present, however, such data are 
lacking.

Further, despite studies investigating the 
impacts of atmospheric CO2, water supply, 
nutrient availability, growth irradiance and 
temperature on light inhibition (Wang et al. 
2001; Pinelli and Loreto 2003; Shapiro et al. 

2004; Pärnik et al. 2007; Zaragoza-Castells 
et al. 2007; Ayub et al. 2011; Crous et al. 
2012; Heskel et al. 2012; Atkin et al. 2013; 
Ayub et al. 2014; Heskel et al. 2014; 
McLaughlin et al. 2014; Weerasinghe et al. 
2014; Way et al. 2015), it remains unclear if 
there are systematic differences in the Rlight to 
Rdark ratio along sustained differences in the 
growth environment. Finally, uncertainty 
remains as to the effects of short-term 
changes in leaf temperature (i.e. second- 
minutes- hours) on the degree of light inhibi-
tion (Way and Yamori 2014). In Bernacchi 
et al. (2001), Rlight of tobacco exhibited an 
activation energy (46.39 kJ mol−1) which is 
similar to that often reported for Rdark; others 
have also reported little difference in the 
short-term temperature dependence of Rlight 
and Rdark (Shapiro et al. 2004; Griffin and 
Turnbull 2013; McLaughlin et al. 2014; Way 
et al. 2015). By contrast, a number of differ-
ent studies have reported the degree of light 
inhibition of leaf respiration to increase with 
rising leaf temperature (Harley et al. 1992; 
Atkin et al. 2000a; Loreto et al. 2001; Bruhn 
2002; Pons and Welschen 2003; Atkin et al. 
2006; Zaragoza-Castells et al. 2007), and 
decrease with increasing temperature in one 
study (Way and Sage 2008). Given the con-
flicting nature of these reports, and the 
importance of the temperature response of 
leaf respiration for TBM predictions 
(Huntingford et al. 2013), further work is 
needed to determine whether there are sys-
tematic patterns (across plant taxa and envi-
ronments) in the effect of leaf temperature 
on the degree of light inhibition of 
respiration.

E. Whole-Plant Maintenance Respiration – 
Accounting for Soil Moisture

A range of approaches are used in TBMs to 
estimate rates of whole-plant maintenance 
respiration (Rpm), with leaf Rd of upper- 
canopy leaves forming the starting point of 
these calculations in most TBMs (Table 6.1). 
Here, we focus on scaling up from leaves to 
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whole-plants in JULES – in that model, 
upper-canopy leaf Rd is used to predict 
equivalent rates of maintenance respiration 
in whole canopies (Rdc) via multiplication of 
leaf Rd by parameters that account for light 
attenuation through the canopy. Thereafter, 
canopy-level Rdc is used to calculate whole- 
plant Rpm according to the following equa-
tion (Cox 2001):
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(6.6)

where Nl, Ns and Nr are the N contents of 
leaves, stems (sapwood) and roots, and the 
factor of 0.012 is a unit conversion term. 
Hence, in JULES, whole-plant Rpm is calcu-
lated on the basis of nitrogen partitioning in 
above and below-ground organs, with scal-
ing between respiration and tissue N being 
assumed to be constant, an assumption that 
is challenged by more recent studies (Reich 
et al. 2008). Canopy-level Rdc is adjusted to 
account for low soil moisture contents via 
multiplication by a moisture stress factor (β).

In Equation (6.6), the moisture stress fac-
tor (β) is a function of soil moisture content 
(θ) in the rootzone, taking a value of zero if 
θ is below wilting point (θw), a value of unity 
if θ is greater than critical moisture concen-
tration (θc), and having a linear decrease 
between θc and θw (Cox et al. 1998). Variable 
θc is a value below which physiological per-
formance of plants is reduced, and so the ‘β’ 
approach similarly can be modeled as 
impacting on photosynthesis during drought 
periods. This approach, which was suggested 
by Cox et al. (1998), therefore assumes that 
drought reduces canopy-level Rdc by the 
same proportion as whole-canopy net photo-
synthesis (A) in all plant species; that is, the 
Rdc/A ratio remains identical in well-watered 
and moisture stressed plants. However, a 
growing body of empirical data shows that 
Rd/A ratios increase markedly under drought 
(Flexas et al. 2006; Atkin and Macherel 
2009; Ayub et al. 2011; Crous et al. 2011; 

Rodríguez-Calcerrada et al. 2011), reflecting 
the greater sensitivity of photosynthesis than 
Rd to drought. Incorrectly accounting for 
drought-mediated changes in canopy-level 
Rdc and/or A is likely to result in large errors 
in rates of predicted net ecosystem CO2 
exchange (Flexas et al. 2006), and so a new 
‘β’ but specific for respiration will be con-
sidered for future JULES model versions. 
This may be expected to be particularly 
important for low productivity ecosystems 
where leaf Rd represents a large proportion 
of overall carbon exchange (Zaragoza- 
Castells et al. 2008). It is important, there-
fore, that ecosystem gas exchange models be 
developed to the state where drought- 
mediated changes in Rdc are taken into 
account when simulating ecosystem carbon 
fluxes and when interfaced with TBMs to 
predict the impacts of global climate change 
on carbon exchange in terrestrial ecosystems 
(Ryan 2002). The impact of drought on tem-
perature responses of leaf Rd also needs to be 
considered, with recent literature pointing to 
drought accentuating downward adjustments 
(i.e. acclimation) of leaf Rd in response to 
rising temperatures in summer (Rodríguez-
Calcerrada et al. 2010; Crous et al. 2011).

F. Estimating Whole-Plant Respiration – 
Importance of Growth Respiration

In models that use the ‘growth-and- 
maintenance- respiration paradigm’ 
(GMRP) (Amthor 2000) to estimate rates of 
whole-plant respiration (Rp), rates of growth 
respiration in whole plants (Rpg) need to be 
estimated. In most of the models listed in 
Table 6.1, Rpg is calculated on the basis that 
the energy costs of growth are a fixed frac-
tion of GPP (e.g. BIOME-BGC & Century), 
or a fixed fraction of GPP minus Rpm (e.g. 
BETHY, BIOME3, JULES, LPJ, 
ORCHIDEE and TEM). For the latter, 0.20–
0.25 of GPP-Rpm (herein termed the ‘growth 
respiration coefficient’ – GRCESM) is assumed 
to represent Rpg for all plant functional types 
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and biomes, according to the following 
equation:

 
R GRC GPP Rpg ESM pm= −   (6.7)

In this section, we discuss the origins of 
the fixed GRCESM values used in some lead-
ing TBMs.

According to the GMRP, the rate of respi-
ration in whole plants is the sum of Rpm and 
Rpg, according to:

 
R R R m W g Gp pm pg R R= + = +  (6.8)

where W is the dry mass of mature tissues, 
mR is the maintenance respiration coefficient 
(i.e. respiratory CO2 associated with mainte-
nance of existing biomass per unit time, with 
units of mol CO2 (g biomass)−1 s−1), G is the 
growth rate (e.g. g new biomass time−1), and 
gR is the respiratory CO2 released per unit 
biomass produced by growth. Thus, Rpg can 
be viewed as linked not only to G, but also to 
the efficiency of biosynthetic pathways, 
reflected in the variable of central interest, 
gR. This parameter is central to calculating 
Rpg as part of the GMRP. Using a biosynthe-
sis ‘pathway analysis method’ to analyze 
growth costs in several crop species, Penning 
de Vries et al. (1983) reported an overall 
average gR value of 0.33; in such cases, 33% 
of the carbon retained in growth is released 
to the atmosphere by respiration in the pro-
duction of that growth. Importantly, there 
was greater than three-fold variation in gR 
[0.13 in carbohydrate-rich tubers to 0.43 in 
lipid-rich tissues (Penning de Vries et al. 
1983)]. Variation in gR could have profound 
implications for estimates of Rpg of individ-
ual organs and whole-plants.

The GMRP can also be viewed from a 
growth (G) rate perspective, according to:

 
G Y A R Y A Y m Wg pm g g R= −( ) = −  (6.9)

where A is the rate of gross photosynthesis 
with the same units as respiration above, and 
Yg is the yield of growth processes (i.e. frac-
tion of substrate inputs retained in the prod-
ucts of growth). For example, if Yg = 0.8, 
then for every 100 units of C fixed by photo-
synthesis, 80 units are retained in the resul-
tant biomass while 20 units are released back 
to the atmosphere by respiration. In Penning 
de Vries et al. (1983), Yg varied from 0.70 in 
lipid-rich palm nuts to 0.89 in starch-rich 
tubers, with an average value of 0.75 
(Penning de Vries et al. 1983; Thornley and 
Cannell 2000). That is, 70–89% of the car-
bon in substrates was retained in tissue bio-
mass (Amthor 2000), with the variability in 
this parameter further suggesting that no 
single growth efficiency parameter can be 
applied universally across plant tissues, 
organs and/or species. Yet, inspection of 
Table 6.1 shows that several TBMs assume 
that respiratory costs associated with growth 
are indeed constant, both across plant func-
tional types (PFTs) and biomes.

In JULES and LPJ, the ‘growth respira-
tion coefficient’ (GRCESM) used to calculate 
Rpg is a single value (i.e. 0.25). To understand 
the origins of this fixed GRCESM, it is neces-
sary to show the inverse relationship between 
Yg and gR, where increases in the CO2 require-
ments associated with biosynthesis (gR) 
reduce the growth yield (Yg), according to 
(Thornley 1970; Amthor 2000):

 
Y gg R= +( )1 1/  (6.10)

Similarly, increases in the growth yield 
are associated with a lower gR according to, 
re-writing equation (6.1) as:

 
g Y YR g g= −( )1 /  (6.11)

When combined with information on rates 
of GPP and Rpm, variation in Yg and gR influ-
ence rates of Rpg according to:
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R g Y GPP Rpg R g pm= −( )   (6.12)

If one assumes that all species exhibit gR 
and Yg values of 0.33 and 0.75, respectively, 
then the GRCESM used to calculate Rpg in 
equation (6.8) will be 0.25 (i.e. 
GRCESM = 0.33 × 0.75). Thus, the ‘universal’ 
GRCESM (i.e. 0.25) used in JULES and LPJ 
turns to be:

 
GRC g YESM R g= ×  (6.13)

In JULES and LPJ, GRCESM is based on 
the average gR and Yg values of several crop 
species (Penning de Vries et al. 1983; 
Thornley and Cannell 2000), rather than a 
comprehensive assessment of GRCESM  
values across PFTs and/or biomes; here, we 
note that the reliance on crop species data 
was necessary because there were no wider 
surveys of GRCESM at the time JULES and 
LPJ were developed. In any case, assuming a 
fixed GRCESM of 0.25 gives undue weight to 
high-lipid tissues (Penning de Vries et al. 
1983). While high lipid concentrations are 
common in seeds of some species, leaves, 
stems and roots of plants growing in natural 
ecosystems are more likely to be dominated 
by carbohydrates, and therefore exhibit 
lower GRCESM [e.g. akin to a 
GRCESM = 0.13 × 0.89 = 0.12 of carbohydrate- 
rich tubers (Penning de Vries et al. 1983)]. 
Given this, relying on average crop-derived 
gR and Yg values (Penning de Vries et al. 
1983) to parameterize the land surface com-
ponent of TBMs may result in an over-esti-
mation of global Rpg.

To illustrate the potential impact of differ-
ent GRCESM values, we present the following 
example where the global average GRCESM is 
closer to 0.12 rather than 0.25, reflecting 
carbohydrate-rich leaves rather than lipid- 
rich seeds (Penning de Vries et al. 1983; 
Amthor 2000). If we assume that global 
GPP − Rpm = 50 Gt C yr−1, then assuming a 

GRCESM of 0.12 would mean that global Rpg 
is ~6.0 Gt C yr−1 as opposed to ~12.5 Gt 
C yr−1 when GRCESM = 0.25. Thus, applica-
tion of GRCESM values across the range 
reported by (Penning de Vries et al. 1983) 
could result in a change in predicted Rpg that 
is of similar magnitude to annual anthropo-
genic C emissions (IPCC 2013). Given the 
wide range of Rpg values and the magnitude 
of the resultant C-fluxes, it is not surprising 
that parameterization of Rpg represents one 
of the greatest single uncertainties in TBM 
model predictions (Dietze et al. 2014). 
Quantifying variation in GRCESM thus repre-
sents a challenge that needs to be urgently 
addressed.

There are a number of reasons to suspect 
that the GRCESM might not be static across 
genotypes & environments. Firstly, given 
that tissue chemical compositions vary 
among environments (Dahlin et al. 2013; 
Asner et al. 2014; Niinemets et al. 2015) and 
species/PFTs (Poorter and Bergkotte 1992; 
Van Arendonk and Poorter 1994; Cornelissen 
et al. 1997; Wright et al. 2004), and that the 
energy costs of building tissues of contrast-
ing chemical composition are variable 
(Nagel et al. 2002; Poorter et al. 2006; Villar 
et al. 2006; Díaz et al. 2016), it seems 
unlikely that GRCESM will be invariant. 
Secondly, factors such as developmental 
and/or environment-mediated increases in 
the engagement of non-phosphorylating 
pathways of mitochondrial electron transport 
(e.g. alternative oxidase, rotenone- insensitive 
NADH dehydrogenase, external NAD(P)H 
dehydrogenase), proton leakage through the 
inner mitochondrial membrane and proton 
flux via uncoupling proteins (PUMP) could 
all reduce the efficiency of ATP synthesis 
(Rasmusson et al. 2004; Sweetlove et al. 
2006; Armstrong et al. 2008; Millar et al. 
2011; Searle et al. 2011a; Kornfeld et al. 
2012), which in turn could increase gR and 
decrease Yg, thus altering GRCESM. Given 
these issues, it seems extremely unlikely that 
GRCESM is universally constant amongst spe-
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cies and environments. Only by understand-
ing how GRCESM values – and thus gR and 
Yg – vary among PFTs and biomes can we 
predict the dynamic changes in growth respi-
ration of terrestrial ecosystems across the 
Earth’s surface, and in doing so, predict 
future changes in the land carbon sink and 
future biogeography of land plants.

III. Global Surveys of Leaf 
Respiration and Its Temperature 
Dependence

In earlier sections, we outlined how a range 
of TBMs represent variation in leaf respira-
tion rates (Table 6.1) using previously 
reported relationships between respiration, 
photosynthesis and/or leaf nitrogen concen-
trations. Importantly, each TBM has had to 
rely on a relatively small data-set linking res-
piration to other traits (Farquhar et al. 1980; 
Collatz et al. 1991, 1992; Ryan 1991; Knorr 
1997). Such data-sets have been used to pre-
dict variation in leaf Rd at a standard tempera-
ture (typically 20 or 25 °C). In the absence of 
global analyses of the temperature depen-
dence of leaf Rd, assumptions have also been 
made about how to model rates of leaf Rd as 
leaves cool and warm over both short times-
cales (i.e. near-instantaneous variation in 
imposed micrometeorology, and over long 
periods which could include acclimation to 
anthropogenic-induced global warming). To 
address these deficiencies, two global data-
bases are now available that provide equa-
tions that predict global variability in baseline 
values of leaf Rd [the ‘GlobResp’ database of 
Rd at 25°C and associated leaf traits (Atkin 
et al. 2015), that brings together new and pre-
viously reported data (Wright et al. 2006 and 
references cited therein)] and the short-term 
temperature dependence of leaf Rd (Heskel 
et al. 2016b). In this section, we describe 

each data-set, and outline how those datasets 
can be incorporated into TBMs.

A. Global Dataset of Baseline Leaf 
Respiration Rates – ‘GlobResp’

‘GlobResp’ contains data on upper canopy 
leaf respiration and associated leaf traits 
(e.g. photosynthetic capacity, area:mass rela-
tionships, nitrogen/phosphorus concentra-
tions) on 899 species from 100 sites 
distributed around the globe (arctic to equa-
torial tropics); it also provides climate infor-
mation (Hijmans et al. 2005) for each site. 
Several woody and non-woody PFTs are 
represented in the dataset, with those PFTs 
covering a majority of the standard vegeta-
tion types used within TBMs (e.g. C3 grasses/
herbs, shrubs, broad-leaf trees and needle- 
leaf trees). Both deciduous and evergreen 
vegetation types are represented within the 
dataset. Importantly, however, ‘GlobResp’ 
does not contain data on Rd of C4 grasses. 
Analysis of ‘GlobResp’ area-based rates of 
leaf Rd (at a standard temperature of 25 °C) 
revealed on average, three-fold higher rates 
of baseline respiration in the Arctic than the 
tropics (Fig. 6.4; Atkin et al. 2015), suggest-
ing an acclimation effect. As a result of these 
global patterns in baseline Rd (Fig. 6.4), rates 
measured at the prevailing average daily 
growth temperature of each site were only 
two-fold higher in the hot tropics than the 
cold Arctic, despite a 20 °C difference in 
growth temperature (8–28 °C). Subsequent 
analysis by Vanderwel et al. (2015) has 
shown that the ‘GlobResp’ patterns of leaf Rd 
are consistent with thermal acclimation 
responses, whereby cold-grown plants 
exhibit higher rates of leaf respiration at a 
standard temperature than their warm grown 
counterparts (Atkin and Tjoelker 2003; 
Kruse et al. 2011; Slot and Kitajima 2015; 
Reich et al. 2016). Importantly, when mea-
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sured at the standard temperature of 25 °C, 
species and PFTs at the cold sites exhibited 
higher Rd at a given photosynthetic capacity 
(Vcmax) or leaf [N]) than species from warmer 
sites. PFTs also differed in rates of Rd at a 
given Vcmax or leaf [N], being higher in C3 
herbs than woody plants.

Using mixed-effects statistical models, 
Atkin et al. (2015) provided a set of PFT- 
specific equations that predicted mean rates 
of Rd across the globe. The equations cap-
tured a substantial amount of species varia-
tion across diverse sites, with the equations 
offering a reasonable first approximation for 
the purposes of modeling. Noting that TBMs 
often predict variation in leaf Rd via assumed 
relationships to leaf N (either directly, or via 
assumed leaf N-Vcmax-Rd relationships; 
Table 6.1), equations are available that link 
leaf Rd with leaf [N]. In a PFT-dependent 
matter, area-based rates of leaf Rd at 25°C 

were found to vary with area-based values of 
leaf N concentration (nl , a with units gN (m2 
leaf)−1). Moreover, leaf Rd at 25 °C varied 
with the prevailing growth temperature (TG), 
in a consistent manner for all PFTs. The 
availability of equations for each PFT [Table 
6.2 – assembled using ESM#3 in Table S4 of 
Atkin et al. (2015)] creates the opportunity 
to alter representation of leaf Rd at 25 °C 
from that assumed in the standard version of 
JULES to one which uses current, globally-
relevant estimates of leaf Rd at 25 °C derived 
from ‘GlobResp’. Thus, the general form of 
the above equations is:

 
R r r n r Td o l a Gat C25 1 2

° = + − ,  (6.14)

Using equation (6.14) not only changes 
the scaling between leaf Rd at 25 °C and leaf 
[N] from that currently assumed in standard 

Fig. 6.4. Latitudinal variation in baseline leaf respiration measured in darkness, for area-based rates of leaf Rd 
normalized to a standard temperature of 25 °C. Data points are for individual measurements, with site:species 
means of the same dataset being reported in ‘GlobResp’ (Atkin et al. 2015)
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runs of JULES, but also results in leaf Rd at 
25 °C changing in response to changes in TG, 
with rates of leaf Rd at 25 °C decreasing by 
~0.4 μmol CO2 m−2 s−1 for every temporal 
10 °C rise in TG. That is, leaf Rd at 25 °C is 
allowed to acclimate to sustained changes in 
TG at each site. This approach assumes that 
the global spatial patterns in leaf Rd at 25 °C 
are consistent with temporally-based adjust-
ments in leaf Rd at 25 °C (i.e. acclimation). 
There is now strong support for this assump-
tion (Slot and Kitajima 2015; Vanderwel 
et al. 2015). Importantly, any TBM runs 
made using equation (6.14) do not allow for 
adaptive changes in the baseline rate of res-
piration as the world warms over coming 
decades. Current data points to little adaptive 
difference in short-term temperature 
responses of respiration (Heskel et al. 
2016b), while the work of Slot and Kitajima 
(2015) suggests that the ability to acclimate 
does not differ among biomes or plant func-
tional types. Thus, assuming no adaptive 
changes in the temperature dependence 
(short or long term) is supported by available 
data. Of course, if PFT representation at any 
site changes in a future, warmer world, the 
basal rates of respiration could be altered at 
such sites, reflecting the PFT-dependent 
nature of leaf Rd at 25 °C (Atkin et al. 2015).

Fig. 6.5 illustrates the consequences of 
shifting from current PFT-specific estimates 
of leaf Rd at 25 °C in JULES (Cox et al. 
1998; Cox 2001; Clark et al. 2011) to PFT- 
specific rates predicted from analysis of the 
‘GlobResp’ dataset (Atkin et al. 2015). In 
the original version of JULES, rates of leaf 
Rd at 25 °C were assumed to remain con-
stant irrespective of TG, but vary among 
PFTs based on reported Rd–Vcmax-[N] rela-
tionships (Farquhar et al. 1980; Collatz 
et al. 1991; Schulze et al. 1994) and PFT-
specific leaf [N]. By contrast, leaf Rd at 
25 °C varies with TG when applying equa-
tions from ‘GlobResp’ (Atkin et al. 2015), 
with rates normalised to 25 °C being greater 
in cold than warm habitats. Importantly, 
replacement of the existing JULES param-
eterization with ‘GlobResp’ (Atkin et al. 
2015) results in marked increases in pre-
dicted leaf Rd at 25 °C for all of the four 
PFTs for which data are available (C3 
grasses, shrubs, broad-leaf trees and needle- 
leaf trees). As a result, model predictions of 
global leaf Rd are likely to be much higher 
when using ‘GlobResp’. Assessing the con-
sequences of this for predicted global net 
primary productivity will be an important 
stimulus for developing the next generation 
of TBMs.

Table 6.2. PFT-dependent parameters that enable leaf Rd at 25 °C to be predicted for four plant functional types 
(PFTs) for which data are available in the ‘GlobResp’ dataset (Atkin et al. 2015)

Plant functional type

Equation (6.14) parameter values and coefficients

r0 (μmol CO2 m−2 s−1)
r1 (μmol CO2 m−2 s−1 (gN 
(m2 leaf)−1)−1) r2 (μmol CO2 m−2 s−1 °C−1)

Broad-leaved trees 1.7560 0.2061 0.0402
Needle-leaf trees 1.4995 0.2061 0.0402
Shrubs 2.0749 0.2061 0.0402
C3 herbs/grasses 2.1956 0.2061 0.0402

Note: no data for C4 plants available in ‘GlobResp’. Values in the table are based on ESM#3 in Table S4 of Atkin et al. 
(2015), but using the recently reported PFT-specific equations with the continuous explanatory variables in absolute 
rather than centred form
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Fig. 6.5. Consequences of shifting from current estimates of leaf Rd at 25 °C in JULES (Cox et al. 1998; Cox 
2001; Clark et al. 2011) to rates predicted from analysis of the ‘GlobResp’ dataset (Atkin et al. 2015). Shown 
are values for four plant functional types for which data are available in ‘GlobResp’. In the original version of 
JULES, rates of leaf Rd at 25 °C were assumed to remain constant irrespective of growth temperature, but vary 
among PFTs based on reported Rd–Vcmax-[N] relationships (Farquhar et al. 1980; Collatz et al. 1991; Schulze et al. 
1994) and PFT-specific leaf [N]. By contrast, leaf Rd at 25 °C varies with growth temperature when applying 
equations from ‘GlobResp’ (Atkin et al. 2015), with rates at 25 °C being greater in cold than warm habitats. See 
equation (6.14) for details of how the new leaf Rd at 25 °C is calculated within each PFT

B. Convergence in Temperature 
Response Curves of Leaf Respiration

As noted earlier, how leaf Rd responds to 
short-term variations in temperature will be 
crucial for TBM predictions, reflecting the 
importance of temperature-mediated 
changes in respiratory CO2 efflux in deter-
mining future carbon storage in vegetation 
and atmospheric CO2 concentrations (King 
et al. 2006; Atkin et al. 2008; Huntingford 
et al. 2013; Wythers et al. 2013; Lombardozzi 
et al. 2015; Heskel et al. 2016b). In several 
TBMs (Table 6.1), leaf Rd is assumed to 
increase with rising temperature such that 
respiration doubles for each 10 °C increase 
in temperature (i.e. Q10 = 2.0). However, as 

indicated above, the true Q10 is rarely a fixed 
value. Instead, the temperature coefficient of 
leaf Rd decreases as leaves warm. Reductions 
in the Q10 with increasing leaf temperature 
have been linked to substrate and/or adenyl-
ate limitations at high measuring tempera-
tures (Atkin and Tjoelker 2003).

It is thus important that TBMs be able to 
model the dynamic nature of the temperature 
response of leaf Rd. Acknowledging this, 
alternative models have been developed that 
allow for declines in the temperature sensi-
tivity of leaf respiration as leaves warm. 
These model variants adopt modified 
Arrhenius formulations (Lloyd and Taylor 
1994; Kruse and Adams 2008; Zaragoza- 
Castells et al. 2008; Noguchi et al. 2015), 

6 Global Modeling of Leaf Respiration



130

universal temperature dependence (UTD) 
(UTD; Gillooly et al. 2001) and temperature- 
dependent Q10 functions (Tjoelker et al. 
2001). Recently, high-resolution measure-
ment of the temperature response of leaf Rd 
has enabled comparison of different model 
types, with three-parameter formulations 
(Kruse and Adams 2008; O’Sullivan et al. 
2013; Adams et al. 2016; Heskel et al. 2016a, 
b) providing superior fits. Using this 
approach, Heskel et al. (2016b) analyzed 
673 temperature responses of leaf Rd from 
231 species across 18 globally distributed 
sites spanning 7 biomes that ranged from 
Arctic tundra to tropical rainforests. Their 
analysis confirmed that leaf Rd does not 
exhibit an exponential response to tempera-
ture. Tjoelker et al. (2001) reported similar 
findings, albeit using a smaller (minimal data 
from tropical ecosystems), lower resolution 
data set. Importantly, Heskel et al. (2016b) 
found convergence in the short-term temper-
ature response of leaf Rd across biomes and 
PFTs, suggesting that a single empirical 
model can be used to predict the short-term 
temperature dependence of leaf Rd for global 
vegetation. The best such model describes 
this temperature dependence as log-polyno-
mial rather than log- linear, with the Q10 con-
tinuously declining with increasing leaf 
temperature in a manner distinct from earlier 
observations (Tjoelker et al. 2001) and mod-
els (Lloyd and Taylor 1994; Gillooly et al. 
2001), but similar to that reported by Kruse 
and Adams (2008). Discussion of the merits 
of the three- component models of Heskel 
et al. (2016b) and Kruse and Adams (2008) 
can be found in recent reports (Adams et al. 
2016; Heskel et al. 2016a).

Heskel et al. (2016b) used a derivation of 
their global log-polynomial model (GPM) to 
predict values of leaf Rd at any given ambi-
ent temperature (Ta), according to:

 
R R ed d

b Ta c Ta
= ×

−( )+ −( )





,25
25 252 2

 (6.15)

where Rd , 25 is the rate of leaf Rd at a standard 
temperature of 25 °C, ‘b’ is the slope of log 
Rd versus temperature curves at 0°C, and ‘c’ 
describes how the slope of log Rd versus tem-
perature curves declines with increasing tem-
perature. Heskel et al. (2016b) found there 
were no significant differences in ‘b’ or ‘c’ 
parameters among biomes or PFTs, suggesting 
that temperature response curves of global 
vegetation can be modeled using a single poly-
nomial function, where b = 0.1012 and 
c = –0.0005. The convergence in the tempera-
ture sensitivity of leaf Rd suggests that there 
are universally applicable controls on the tem-
perature response of leaf respiratory metabo-
lism across the globe (Heskel et al. 2016b).

Fig. 6.6 shows how replacing a fixed 
Q10 = 2.0 with the GPM (Heskel et al. 2016b) 
impacts on predicted rates of leaf Rd at any 
given temperature, using rates of leaf Rd at 
25 °C as the reference point. Adopting the 
GPM results in reduced estimates of leaf Rd 
at low temperatures, with little change in 
rates at temperatures >25 °C. The conse-
quences of shifting from a fixed Q10 to the 
GPM results in 28% lowering of predicted 
daily respiration in cold sites, such as those 
in the Arctic (Heskel et al. 2016b). Such 
changes are likely to impact predicted net 
primary productivity values of colder sites.

C. Merging ‘GlobResp’ 
with the Global Polynomial Model

By merging equations derived from 
‘GlobResp’ (Atkin et al. 2015) with those of 
the GPM (Heskel et al. 2016b), we suggest 
that TBMs will be able to predict variations 
in Rd in upper canopy leaves, taking into 
account: (i) PFT-specific baseline respiration 
rates at 25 °C; (ii) nitrogen-dependent varia-
tions in baseline respiration rates at 25 °C; 
(iii) growth-temperature variations in base-
line respiration rates at 25 °C (i.e. thermal 
acclimation); (iv) responses of leaf Rd to 
short-term (e.g. diurnal) changes in tempera-
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ture. An example of this integrative approach 
is shown in Fig. 6.7, where equations (6.14) 
and (6.15) are combined to model the tem-
perature response of leaf Rd to short-term 
changes in temperature, for plants accli-
mated to growth temperatures of 15, 25 and 
35 °C. Also shown is the temperature 
response curve of leaf Rd in the standard 
form of JULES, assuming no thermal accli-
mation and a fixed Q10 of 2.0 (Cox et al. 
1998; Cox 2001; Clark et al. 2011). Adopting 
the ‘GlobResp’ approach allows for 
acclimation- dependent changes in baseline 
values of leaf Rd, resulting in higher rates at 
any given leaf temperature in cold-grown 
plants compared to their warm-grown coun-
terparts. Importantly, ‘GlobResp’ predicts 
much higher rates at any given temperature 
than was previously assumed in the standard 

form of JULES, particularly in cold habitats. 
When incorporated into TBMs, this is likely 
to result in significant increases in leaf Rd 
and overall plant R (Rp) and reduced net pri-
mary productivity (NPP) at regional and 
global scales, depending on how future itera-
tions of TBMs will model gross primary pro-
ductivity (GPP), noting that NPP = GPP−  Rp.

IV.  Conclusions

Research into leaf Rd – both in terms of 
describing variability in rates among geno-
types and environments – has advanced 
markedly over the past two decades, as man-
ifested by a growing inventory of data that is 
providing new insights into how rates of leaf 
Rd vary. There are also advances being made 

Fig. 6.6. Comparison of theoretical temperature responses curves of leaf respiration in darkness, calculated 
assuming rates of leaf Rd at 25 °C of 1.0 μmol CO2 m−2 s−1, with rates at other leaf temperatures predicted 
assuming a fixed Q10 (i.e. proportional change in leaf Rd per 10 °C change in temperature) value of 2.0 (i.e. a 
common Q10 assumed in TBMs; Table 6.1), and assuming that respiration varies with temperature according to 
that predicted by the global polynomial model (GPM; Heskel et al. 2016b). The structure of the GPM is similar 
that of the 3-component model approaches based on Arrhenius theory (Kruse and Adams 2008; Kruse et al. 
2016). Adopting the GPM results in reduced estimates of leaf Rd at low temperatures, with little change in rates 
a temperatures >25 °C

6 Global Modeling of Leaf Respiration



132

Fig. 6.7. Integration of equations emerging from 
the ‘GlobResp’ dataset (Atkin et al. 2015) and Global 
Polynomial Model (GPM) from Heskel et al. (2016b) to 
predict the shape of the temperature response curve of 
leaf Rd for broad-leaf trees, acclimated to three growth 
temperatures (Ta; 15, 25 and 35 °C). Also shown is the 
temperature response curve of leaf Rd for broad-leaf 

trees in the standard form of JULES, assuming no ther-
mal acclimation and a fixed Q10 of 2.0 (Cox et al. 1998; 
Cox 2001; Clark et al. 2011). See equations (6.14) and 
(6.15) in the main text for descriptions of the com-
ponents in the integrated equation shown above, and 
Table 6.2 for parameter constants for broad-leaf trees

to clarify individual and collective mecha-
nistic controls of respiration (through mod-
els and experiments). Armed with these 
advances, the TBM community can now 
more accurately predict spatial and temporal 
variations in leaf respiratory CO2 release 
across the globe under current climatic con-
ditions. Yet, we are not ‘there’ yet, since the 
research community continues to lack a 
process- based model to account for the com-
plexity of taxa- and environment-driven 
variations in leaf Rd, thereby limiting the 
ability of TBMs to predict the impacts of 

future climate regimes. Ideally, a truly mech-
anistic approach will emerge in the future 
that meets the TBM integration requirements 
of being parsimonious, scalable and spatially 
robust. Mechanistic models can be expected 
to have better predictive capability com-
pared to those that are heavily parameter-
ized, and that is important when trying to 
assess how the global carbon cycle will 
evolve within a climatic system perturbed 
through human burning of fossil fuels. 
Achieving a more mechanistically complete 
description will be a major challenge, requir-
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ing new insights into the processes regulat-
ing energy metabolism of leaves, both during 
the day and night, in terrestrial ecosystems 
across the globe. We believe this is a chal-
lenge worth addressing, and especially if 
such models can be made applicable across 
spatial scales and thus appropriate for imple-
mentation in climate simulations, thereby 
characterizing leaf respiratory metabolism 
changes in the global carbon cycling.
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Summary

The carbon isotope discrimination associated with net photosynthesis (Δobs) when photosyn-
thetic rates are low, such as approaching the light and CO2 compensation points, has rarely been 
measured but may contain useful information on day respiration (Rd). In fact, at low assimilation 
rates, the relative importance of respiratory CO2 release is larger and its isotopic signal can be 
captured. In this chapter, we describe the measurement of Δobs in cocklebur, spinach and mag-
nolia leaves at very low irradiance and CO2 concentration. The carbon isotope fractionation 
associated with day respiration appears to be similar when approaching the light and CO2 com-
pensation points, and not strongly affected by oxygen concentration. Under the experimental 
conditions imposed, the apparent fractionation associated with day respiration was found to be 
−100‰ for cocklebur and spinach, and −62‰ for magnolia. These strongly negative values 
were due to the use of 13C-depleted CO2 during gas exchange measurements and the use of 
respiratory carbon fixed prior to gas exchange measurements. Theoretical considerations 
allowed estimation of the proportion of newly-fixed carbon as a respiratory substrate, which was 
found to be zero for all species when a single respiratory source is assumed. When two respira-
tory sources are assumed (with a respiratory pool in photosynthesizing cells and a photosyn-
thetically disconnected pool in heterotrophic, non- photosynthesizing cells), the heterotrophic 
component dominated day respiration in cocklebur and magnolia leaves, with newly- fixed car-
bon contributing little to total efflux in magnolia, but representing about one half in cocklebur. 
In contrast, respiration from photosynthesizing cells dominated Rd in spinach leaves, but newly-
fixed carbon formed just 11% of the respiratory substrate. Therefore, day respiration appears to 
be mostly fed by “old” carbon sources, and this can lead to a considerable isotopic difference 
between net fixed CO2 and CO2 liberated by day respiration at the same moment.

I.  Introduction

Stable carbon isotopes have emerged over 
the last four decades as an important tool in 
understanding photosynthesis at scales from 
molecules to whole plants (Farquhar and 
Richards 1984; Cernusak et al. 2013; von 
Caemmerer et al. 2014). This is due to that 
fact that the rare 13C atoms (1.11% of car-
bon) in CO2 are discriminated against during 
carboxylation by ribulose-1,5-bisphosphate 
carboxylase/oxygenase (Rubisco, the main 
carboxylating enzyme in C3 photosynthesis), 
resulting in measureable differences in the 
isotope composition of plant carbon pools 
and fluxes (O’Leary 1981). Although less 
widely studied than photosynthesis, stable 
carbon isotopes are also useful in under-
standing plant respiration, and again at a 
range of scales (Bowling et al. 2008; 
Cernusak et al. 2009). For example, natural 
abundance stable isotope compositions have 

been used to partition ecosystem respiration 
(e.g. Tu and Dawson 2005), disentangle leaf 
respiratory biochemistry (e.g. Ghashghaie 
et al. 2003; Barbour et al. 2007), trace car-
bon through ecosystems (e.g. Barbour et al. 
2005; Bowling et al. 2008) and determine 
rates of leaf respiration in the light at the 
ecosystem scale (Wehr et al. 2016). A num-
ber of studies have also used 13C labeling 
techniques at the leaf (e.g. Tcherkez et al. 
2005) and mesocosm scales (e.g. Tcherkez 
et al. 2010; Barthel et al. 2011) to understand 
fluxes through biochemical pathways. Most 
of these studies focused on respiration in the 
dark or during the light-dark transition. In 
fact, 13C studies were the first to demonstrate 
a direct biochemical link between use of 
malate as a respiratory substrate and the 
light-enhanced dark respiratory peak in res-
piration (LEDR) immediately following the 
darkening of illuminated leaves (Ghashghaie 
et al. 2003; Barbour et al. 2007; Gessler et al. 
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2009). This effect is also evident at the eco-
system scale (Barbour et al. 2011). See also 
Chap. 3 in this volume.

In contrast, isotope effects during respira-
tion in the light are poorly studied and little 
understood due to technical difficulties in 
measuring a small flux within a large flux in 
the opposite direction. Hanson et al. (2016) 
recently reviewed approaches and chal-
lenges involved in the measurement of day 
respiration and photorespiration, demon-
strating the importance of accurately quanti-
fying these small fluxes as a component of 
the larger photosynthetic flux. In particular, 
the influence of respiration on observed 
photosynthetic carbon isotope discrimina-
tion (Δobs) was assessed, leading to the con-
clusion that photorespiratory and day 
respiratory isotope fractionations (f and e, 
respectively) during photosynthesis can 
strongly effect Δobs, particularly when pho-
tosynthetic rates are low. Wingate et al. 
(2007) recommended that disequilibria 
between purely photosynthetic discrimina-
tion (Δ13CA) and the isotope composition of 
CO2 respired in the light (δresp) is taken into 
account when interpreting Δobs, introducing 
the concept of apparent fractionation during 
day respiration (sometimes denoted as e*). 
Assumptions regarding respiratory fraction-
ations can also influence estimates of meso-
phyll conductance to CO2 diffusion (Gu and 
Sun 2014).

Despite the technical difficulties of quan-
tifying the very small respiratory flux within 
the larger photosynthetic flux, a limited 
number of studies have been conducted, 
demonstrating the respiratory flux in the 
light to be slightly depleted compared to 
organic molecules at both the mesocosm 
scale (Tcherkez et al. 2010) and at the leaf 
level (Tcherkez et al. 2011). This result is in 
contrast to leaf respiration in the dark, which 
is usually enriched compared to putative 
substrates (e.g. Duranceau et al. 1999; 
Ghashghaie et al. 2001). By measuring leaf 
fluxes in the light in a CO2 environment with 
a depleted isotope composition compared to 

the growth environment, Tcherkez et al. 
(2011) were able to show that the respiratory 
substrate must have been carbon fixed prior 
to the start of the gas exchange measure-
ments. Similarly, Hanson et al. (2016) report 
a strongly negative Δobs in leaves during 
short-term exposure to CO2 strongly enriched 
in 13C (+148 ‰), again suggesting an isotope 
disequilibrium between current photosyn-
thesis and respiration, and use of older 
carbon.

The contribution of photorespiration to 
leaf CO2 exchange may be assessed by 
exposing the leaf to a non-photorespiring 
environment, such as low oxygen concentra-
tion, but assessing the influence of day respi-
ration is less straightforward. There are two 
widely-used gas exchange methods to esti-
mate day respiration rate, Rd, namely the 
Kok method (Kok 1948) and the Laisk 
method (Laisk 1977). In the only study of its 
kind to date, Villar et al. (1994) found rea-
sonable agreement between the two tech-
niques for two woody species (Heteromeles 
arbutifolia and Lepechinia fragans), 
although the Laisk-derived estimates of Rd 
were 55% higher than the Kok-derived esti-
mates. Peisker and Apel (2001) developed a 
third method using leaves with a range of 
CO2 compensation points which gave simi-
lar estimates to the Laisk method for tobacco 
leaves of differing ages. More recently still, 
a fourth method was developed by Yin et al. 
(2009) using combined gas exchange and 
fluorescence measurements. This method 
produced values that agreed with Laisk mea-
surements but were consistently higher than 
Kok-derived estimates (Yin et al. 2011). 
Decisions by researchers on which technique 
to apply typically depend on ease of mea-
surement (i.e. the Laisk, and Peisker and 
Apel methods are technically more challeng-
ing) and on the particular experimental 
design. For example, Ayub et al. (2011) used 
the Kok method because they required esti-
mates of Rd at the growth CO2 concentration, 
which varied between 280 and 640 μmol 
mol−1.

7 Isotope Fractionation at the Compensation Point



146

The Kok method estimates Rd from an 
extrapolation to zero light of the linear rela-
tionship between net photosynthetic rate and 
light over a range of low light levels (Kok 
1948). A small correction is commonly made 
to account for the influence of increasing 
internal CO2 concentration (ci) on photosyn-
thetic rate as light level is reduced (follow-
ing Kirschbaum and Farquhar 1987). The 
Laisk method of Rd estimation measures net 
photosynthetic rate close to the CO2 com-
pensation point, typically over a range of 
low CO2 concentrations at three different 
low light levels. Rd is then estimated from 
the intersection of the three linear  regressions 
for the relationships between leaf internal 
CO2 concentration and net photosynthetic 
rate. Given that estimates of Rd vary between 
measurement techniques, it is possible that 
these approaches actually measure different 
processes. Tcherkez et al. (2011) quantified e 
at differing CO2 concentrations (mimicking 
a Laisk approach) but it is not known whether 
isotope fractionations associated with day 
respiration vary with CO2 or light during 
Laisk and Kok measurements. A direct com-
parison of e during Laisk and Kok measure-
ments may be enlightening with respect to 
underlying biochemistry and may help to 
determine appropriate values for e and f. In 
fact, at low and very low values of A (near 
the compensation point) the relative influ-
ence of respiratory efflux is larger and thus 
its impact on Δobs should also be larger.

As an aid in clarifying the impact of day 
respiratory isotopic exchange, we address 
four questions in the current chapter:

1. Is the 12C/13C fractionation associated 
with net photosynthesis (Δobs) quantita-
tively similar when approaching the light 
compensation point and the CO2 compen-
sation point?

2. Does the 12C/13C fractionation associated 
with day respiration vary between species 

with differing degrees of light suppres-
sion of respiration?

3. Does photorespiration alter observed 
12C/13C fractionation associated with day 
respiration?

4. Does the 12C/13C fractionation associated 
with day respiration influence estimates 
of mesophyll conductance (gm) at low 
light and low CO2 concentration?

II.  Coupled Gas Exchange 
and Carbon Isotope 
Measurements

Coupled on-line gas exchange and stable 
carbon isotope measurement techniques are 
now well-established (Evans et al. 1986), 
both with isotope ratio mass spectrometers 
(e.g. Tcherkez et al. 2011) and with optical 
spectrometers such as tunable diode lasers 
(TDL; e.g. Barbour et al. 2007; Tazoe et al. 
2009). However, there are a number of issues 
that must be considered for accurate inter-
pretation of the measurements when CO2 
fluxes are low, such as approaching the light 
and CO2 compensation points. Firstly, the 
precision and accuracy requirements for car-
bon isotope measurements are high, and 
most isotope measurement systems struggle 
with precision at low CO2 concentrations. A 
solution is to use a large leaf area chamber to 
maximize the difference between inlet and 
outlet chamber CO2 concentrations and iso-
tope compositions. One such chamber is 
described by Loucos et al. (2015), able to 
enclose 38 cm2 of leaf area in a chamber of 
volume 57 cm3. Such a large chamber 
requires a compromise between a large CO2 
concentration difference and regulating 
water vapor concentration below dew point 
temperature to avoid condensation (particu-
larly for high flux leaves). The second issue 
relates to concentration dependence of the 
stable isotope measurements, a problem typ-
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ical of optical spectrometers (Tazoe et al. 
2011) and also common in mass spectrome-
ters. In both cases, concentration dependence 
can be accounted for in the instrument cali-
bration procedure. The third issue relates to 
accurate assignment of isotope fractionation 
factors (e.g. Barbour et al. 2010; Gu and Sun 
2014) during interpretation of Δobs (particu-
larly for gm estimation).

In the data reported here, a TDL 
(TGA100A; Campbell Scientific Inc) cali-
brated using four standard cylinders across a 
range of CO2 concentrations from 100 to 
1100 ppm was used (Barbour et al. 2007), 
with a photosynthesis system (Li6400xt; 
LiCor Inc) fitted with a red-green-blue light 
source (Li6400-18) set to produce white light 
and a custom built chamber (Loucos et al. 
2015) which enclosed the entire leaf and was 
sealed around the petiole. These arrangements 
maximized the accuracy and precision of iso-
tope measurements. A number of studies have 
explored the influence of values assumed for 
12C/13C fractionations on Δobs (e.g. Barbour 
et al. 2010; Douthe et al. 2012), and con-
cluded that if values for e, f, Rd and the CO2 
compensation point in the absence of Rd (Γ*) 
are constrained within the range of likely val-
ues, then differences in estimates of gm 
between plants and with environmental con-
ditions likely reflect real physiological differ-
ences. Here, measurements were made at 
differing CO2 concentrations and light levels, 
with records taken after stabilization of gas 
exchange parameters (15–90 min depending 
on environmental conditions and species). 
The carbon isotope composition of growth 
CO2 was −8.1‰ inside the growth cabinet 
and measurement CO2 was −34.7‰, both 
measured on the TDL. We assume δ13C of 
CO2 to be −8‰ outdoors.

The data presented in this Chapter were 
obtained from spinach (Spinacia oleraea, cul-
tivar Popeye, Erica Vale, Brisbane, Australia), 
cocklebur (Xanthium strumarium, seed col-

lected from naturalized plants growing in 
Sydney, Australia) and magnolia (Magnolia 
grandiflora “Little gem”, purchased from a 
local nursery). Spinach and cocklebur plants 
were grown from seed in a controlled envi-
ronment growth cabinet in 1-L pots filled with 
commercial potting mix and amended with 
slow-release complete fertilizer (Osmocote 
Exact, Scotts, Sydney). The cabinet was con-
trolled at 400 μmol mol−1 CO2, 
23 °C/15 °C day/night, 75% RH throughout 
and 700 μmol m−2 s−1 photosynthetically 
active radiation (PAR) during the 16-h day. 
Magnolia plants were grown outdoors on the 
Camden campus of the University of Sydney 
in 20-L pots filled with potting mix and 
amended with slow-release complete fertil-
izer (Osmocote). All plants were well-watered 
throughout, and four replicate plants of each 
species used for measurements.

III.  Calculating Carbon Isotope 
Fractionation During Day 
Respiration and Mesophyll 
Conductance

The carbon isotope fractionation associated 
with net photosynthesis is given by Eq. (7.1) 
below (Farquhar et al. 1989). Here, we 
neglect ternary effects (Farquhar and 
Cernusak 2012) which are indeed very small 
for 13C.

∆
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where ca, ci and cc are CO2 mole fractions in 
atmosphere, intercellular spaces and at car-
boxylation sites, respectively. a, ae and b are 
fractionations associated with diffusion in air 
(4.4‰), dissolution and diffusion in water 
(1.8‰) and during carboxylation (29‰), 
respectively. k is carboxylation efficiency, 
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given by k = vc/cc where vc is the carboxyl-
ation rate, and Γ* is the CO2 compensation 
point in the absence of Rd. The following sec-
tion describes how to provide an explicit way 
to extract the fractionation associated with 
day respiration e (and also Rd) using the 
observed fractionation at low A. The assump-
tion is that neither e nor Rd change with A 
(even at low A). It should be recalled that sim-
ilarly, common methods used to measure Rd 
are all carried out at low A (Laisk or Kok 
methods) and thus under comparable photo-
synthetic conditions. Here, we use the symbol 
e to denote the fractionation associated with 
day respiration assuming there is a single 
respiratory source and expressed relative to 
current photosynthetic discrimination, as 
originally defined in Farquhar et al. (1989). It 
should be noted that this definition facilitates 
calculations (in practice, simplifies the expres-
sion of Δobs in Eq. 7.1), but has important 
numerical consequences, as explained below.

A.  Standard Model with One 
Respiratory Source

Tcherkez et al. (2011) suggested the use of 
the offset of Δobs with respect to b, multiplied 
by ca. This technique can be improved 
slightly using an expression that comprises 
an intercept tending to e when A is vanish-
ingly small (A → 0). To do so, we use Eq. 
(7.1) and the common relationships: A = 
gs(ca – ci) = gm(ci – cc) = gt(ca – cc), where gs, 
gm and gt are stomatal conductance, meso-
phyll conductance and total conductance, 
respectively. Thus, we have:
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(7.2)

Since vc can be written as vc = (A + Rd)/
(1 − Γ*/cc), cc/vc = (ca − A/gt − Γ*)/(A + Rd). 
Therefore, Eq. (7.2) gives:
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Equation (7.3) can be re-arranged easily to:
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where P stands for the parenthesis in Eq. 
(7.3). The quantity in the left term is here 
defined as θa (subscript “a” refers to ca, as 
explained below):
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In Eq. (7.4), P is in ‰ m2 s mol−1. 
Ordinarily, conductance tends to increase 

with A, so that P is expected to increase as 
A → 0. That is, the slope that multiplies A 
is not constant in this relationship. In the 
non-linear regressions applied here, P/
(ca – Γ*) is empirically modeled as α/(A + 
β) where α and β are constants. Also, if Rd 
is assumed constant, the right term of Eq. 
(7.4) tends to e when A → 0. In other 
words, a plot showing θa as a function of A 
has e as an intercept. Note that the trans-
formation from Eq. (7.2) to (7.3) could 
also be made using cc = ci – A/gm to express 
cc/vc. This would thus lead to:
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Nevertheless, either θi or θa can be used sim-
ply because when A tends to 0, both ci and cc 
tend to ca and the expression converges to 
the same quantity. That is why it will be sim-
ply referred to as θ thereafter.

In Eqs. (7.4) and (7.6), some parameters 
have to be fixed to compute θ : b, f and Γ*. 
The impact of f (standard value of 11‰, 
Tcherkez 2006) is quite small because Γ*/ca 
is about 0.1 under ordinary conditions (ambi-
ent CO2). In what follows, the effect of 
changing b and Γ* is examined. It is found 
that the effect is very small (i.e. in the order 
of 1‰ while the value of e is about −62 or 
−100‰).

It should also be noted that a mathemati-
cally strictly equivalent way of obtaining e is 
the direct utilization of Eq. (7.3): when A → 
0, the first term disappears while the right 
terms only remain. That is:
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that can be re-arranged to:
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In practice, the use of Eq. (7.8) is less conve-
nient because getting a good estimate of Δobs 
at A = 0 is difficult and requires curve fitting. 
The plot of Δobs against A forms a steep apex 
when A → 0 (at least, steeper than the plot of 
θ against A), and so the estimate of Δobs at A 
= 0 is a little less reliable. Also, when differ-
ent experiments (at different ca) are plotted 
together, the value of ca we should use to 
apply Eq. (7.8) is quite arbitrary. The graphi-
cal method based on Eqs. (7.4) or (7.6) is 
thus preferable.

B.  Two-Source Model

In equations given above including Eq. (7.1), 
it is assumed that day respiration is fed by a 
carbon pool that reflects net fixed CO2, yield-
ing the apparent fractionation (e). In fact, it 
should be recalled that e is defined by the 
isotope ratio of evolved CO2 (Rresp) with 
respect to that of net fixed carbon (Rnew) 
(Farquhar et al. 1989):
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Even at the leaf level, day respired CO2 
could originate from a pool that is discon-
nected from current photosynthesis (and 
thus, with an isotope ratio different from 
Rnew): either a metabolically distinct pool in 
photosynthetic cells or by heterotrophic leaf 
cells. Mathematically, this extra source can 
be accounted for by adding a term of the 
form ehRh/A in Eq. (7.1) (where the subscript 
“h” stands for this extra source) (for the 
mathematical evidence, see Tcherkez et al. 
2010, 2011). The derivation of equations is 
rather similar, except that the expression of 
vc must account for this extra respiration, as 
follows:

    

v
A R R

c

c

c

=
+ +

−
∗

d h

1
Γ

 

(7.9)

Therefore, this gives:
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In Eq. (7.10), it should be noted that the 
denominator of the last term is A instead of A 
+ Rd, and thus the quotient diverges to infin-
ity when A → 0. This makes the non-linear 
regression more sensitive to experimental 
errors. The increased number of parameters 
to be determined (eh and Rh) also means that 
the estimation of e is potentially more diffi-
cult (more demanding of experimental data).

C.  Fraction of “New” Carbon 
in Respired CO2

The value of e can be exploited to get the 
isotope composition of day respired CO2 and 
thus its % of “new” carbon (that is, the % of 
carbon that comes from recent net photosyn-
thesis), denoted as x. The isotope composi-
tion of “new” carbon when A → 0 is given 
by:
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The isotope composition of “old” carbon 
(net fixed before the experiment) is:
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where the superscript “st” means “under 
standard conditions before the experiment”. 
The observed isotope composition of day 
respired CO2 when A → 0 is:
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From this point, we have to differentiate the 
apparent fractionation e obtained experi-
mentally (under a background of atmo-

spheric CO2 with a controlled isotope 
composition potentially causing a large dif-
ference between respired CO2 and net fixed 
carbon), and the intrinsic enzymatic frac-
tionation of the metabolic pathway. The lat-
ter is denoted as eint. The mass balance 
between “old” and “new” carbon gives:
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Combining (11) and (14) gives:
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The approximation shown on the right hand 
side of Eq. (7.15) is valid if eint is very small. 
This might be the case here since eint is prob-
ably a few per mil while δnew is large (very 
negative) due to the use of highly 13C-depleted 
industrial CO2 during experiments.

D.  Calculation of Mesophyll Conductance

Mesophyll conductance to CO2 diffusion (gm) 
can be calculated from combined measure-
ments of carbon isotope discrimination and 
leaf gas exchange following equations out-
lined in Evans et al. (1986), and Barbour et al. 
(2010). We have chosen to leave the values 
uncorrected for ternary effects (Farquhar and 
Cernusak 2012) for consistency with equa-
tions described above. If ternary corrections 
were included for the measurements described 
here, estimates of gm would be between 3 and 
20% lower and the responses to changes in 
CO2 concentration and light would be slightly 
reduced, but the direction of responses would 
remain the same.
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IV. Δobs Approaching 
the Compensation Point

The three species studied here had different 
leaf day respiration rates (as estimated using 
the Kok method) and respiration rates in the 
dark, with lower values found for magnolia. 
The species also differed in the degree of 
light inhibition of Rd, from no inhibition for 
cocklebur at 21% O2 and magnolia at 2% O2 
to 41% inhibition for spinach at 21% O2. 
There was no relationship between the esti-
mates of Rd at differing oxygen concentra-
tions. Laisk estimates of Rd were higher than 
Kok estimates for cocklebur and magnolia at 
21% O2, but lower for spinach (Table 7.1).

Photosynthetic carbon isotope discrimi-
nation increased approaching both the light 
and the CO2 compensation points, for all 
three species studied here (Fig. 7.1). Δobs was 
as high as 100‰ for cocklebur and spinach, 
and as high as 50‰ for magnolia. There was 
no significant difference in Δobs at a given 
photosynthetic rate (A) between variable 
light conditions and variable CO2 concentra-
tion (for all three species), and no significant 
difference in Δobs between measurements 
made at 21% and 2% O2 (for spinach and 
magnolia). There was also no clear differ-
ence between species with little (cocklebur) 
and moderate (spinach) light inhibition of 
respiration, although the species with strong 
light inhibition of respiration at 21% O2 
(magnolia) had lower Δobs at the same A 
compared to the other species.

These results suggest that the CO2 released 
by respiration in the light was 13C-enriched 

compared to chamber inlet CO2, thereby 
increasing Δobs substantially and implying 
that at least some of the respired CO2 was 
from carbon fixed prior to the leaf gas 
exchange measurements. Further, the data 
point to similar respiratory substrates being 
used during the approach to the light and 
CO2 compensation points, and to a limited 
influence of photorespiration on the 12C/13C 
fractionation during day respiration.

V. Carbon Isotope Fractionation 
Associated with Day Respiration

Using the curve fitting approach outlined 
above, and assuming that current photosyn-
thesis forms the substrate for respiration, we 
estimate that apparent fractionation during 
day respiration (e) is −100‰ for both cock-
lebur and spinach, and −62‰ for magnolia 
(Fig. 7.2; Table 7.2). That is, day-respired 
CO2 is 13C-enriched compared to current 
photosynthates. However, the strong 13C 
depletion of the CO2 used for gas exchange 
measurements (δinlet = −35‰) compared to 
growth CO2 (δatm approx. –8‰) needs to be 
considered. Assuming that in the growth 
cabinet the photosynthetic carbon isotope 
discrimination was between 17 and 22‰, 
this would give δ13C of carbohydrates formed 
under growth conditions between −25 and 
−30‰. In contrast, if the photosynthetic car-
bon isotope discrimination under measure-
ment conditions were the same as under 
growth conditions, then the δ13C of carbohy-
drates formed under measurement condi-

Table 7.1. Measured respiration rate in the dark (Rdark) and estimated respiration rate in the light (Rd) using the 
Kok and Laisk methods at 21% and 2% O2 for cocklebur, spinach and magnolia (all in μmol m−2 s−1). Also shown 
is the percent light inhibition of respiration, which is calculated from the ratio of the Kok-estimated Rd and Rdark 
for the same leaf after at least 20 min in the dark. Values are averages, n = 4

21% O2 2% O2

Species Rdark Laisk Rd Kok Rd % inhibition Kok Rd % inhibition

Cocklebur 1.0 ± 0.1 1.3 ± 0.2 0.9 ± 0.1 5 ± 22 nd nd
Spinach 2.6 ± 0.2 1.2 ± 0.2 2.2 ± 0.2 16 ± 6 1.4 ± 0.1 29 ± 5
Magnolia 0.6 ± 0.2 0.7 ± 0.2 0.4 ± 0.1 41 ± 12 0.7 ± 0.2 0 ± 20
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Fig. 7.1. Photosynthetic carbon isotope discrimination for (a) cocklebur, (b) spinach, and (c) magnolia, under 
conditions of varying light and CO2 concentration, at 21% and 2% O2. Measured values for the four replicate 
leaves are shown to demonstrate that all leaves responded similarly
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Fig. 7.2. Variation in θ calculated using Eq. (7.6) as photosynthetic rate varies with light, CO2 concentration, 
and oxygen concentration for cocklebur (a), spinach (b) and magnolia (c). The bold lines are fitted relationships, 
assuming a single respiratory carbon source that is photosynthetically-linked, predicted by fitting e to be −107, 
−100 and −62‰ for the three species, respectively
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Table 7.2. Calculation of respiratory parameters using the graphical method based on plotting θ against A

One respiratory source Two respiratory sources

e (‰) Rd (μmol m−2 s−1) e (‰) Rd (μmol m−2 s−1) eh (‰) Rh (μmol m−2 s−1)

Cocklebur
Standard parameters −107 0.84 −12 0.00 −59 0.39
b = 27‰ −126 0.84 −66 0.05 −60 0.38
Γ* = 35 μmol mol−1 −108 0.34 −14 0.00 −125 0.33
% new C <0 88 43
Spinach
standard parameters −100 1.08 −99 1.11 −45 0.00
b = 27‰ −102 1.11 −104 1.07 −46 0.02
Γ* = 35 μmol mol−1 −99 1.07 −97 1.14 −45 0.00
% new C 9 11 59
Magnolia
standard parameters −62 0.66 −1.0 0.00 −67 0.13
b = 27‰ −64 0.70 −0.7 0.00 −62 0.16
Γ* = 35 μmol mol−1 −62 0.66 −0.9 0.00 −68 0.12
% new C <0 98 <0

The apparent fractionation associated with day respiration e (with respect to net fixed carbon) and the day respiration 
rate are calculated following two hypotheses: (i) day respired CO2 comes from photosynthetic cells only (one respira-
tory source) or (ii) there is an additional source disconnected from photosynthesis, e.g. from leaf heterotrophic tis-
sues (two respiratory sources). “Standard parameters” means that the following parameterization was used: b = 29‰, 
Γ* = 40 μmol mol−1 and f = 11‰. The percentage of “new” net fixed carbon in respired CO2 was calculated using mass 
balance between “old” carbon (δair corrected for net photosynthetic fractionation under ordinary gaseous conditions) 
and “new” carbon (δoutlet corrected for net photosynthetic fractionation when A → 0) under standard parameterization

tions would be between −52 and −57‰. 
Here, in practice, the net photosynthetic 
fractionation is about 100‰ at low A in spin-
ach, meaning that new photosynthates are at 
about −35–100 = −135‰. Day respired CO2 
is found to be enriched by 100‰ (that is, e = 
−100‰) thus has a δ13C value of about 
−135–(−100) = −35‰. A similar calcula-
tion can be done with the two other species. 
Hence, respired CO2 is considerably 
13C-enriched compared to current photosyn-
thates but isotopically similar to old 
photosynthates.

Assuming current photosynthates as a 
respiratory source and standard values for b 
and Γ* (29‰ and 40 μmol mol−1, respec-
tively), we fit Rd of 1.05, 1.08 and 0.66 μmol 
m−2 s−1 for cocklebur, spinach and magnolia, 
respectively. These values are close to esti-
mates using both the Kok and the Laisk gas 
exchange methods. Using either lower b (i.e. 
27‰) or lower Γ* (i.e. 35 μmol mol−1) does 

not significantly alter the fitted values for e 
or Rd (Table 7.2)

Treating the possible carbon sources for 
day respiration more rigorously, accounting 
for both photosynthetically-connected car-
bon and photosynthetically-disconnected 
(heterotrophic) substrates, yields interesting 
results. Cocklebur uses almost entirely  
new carbon (88%) for  photosynthetically-  
connected respiration, and almost half new 
carbon (43%) for heterotrophic respiration, 
but heterotrophic respiration accounts for 
most of the respiratory flux in the light. 
Spinach uses very little new carbon (11%) 
for photosynthetically-connected respiration 
with a strongly negative fractionation of 
−100‰, and just over half (59%) new car-
bon for heterotrophic respiration, but hetero-
trophic respiration accounts for little of the 
respiratory flux. In contrast, magnolia uses 
entirely new carbon for photosynthetically- 
connected respiration but this forms an 

Margaret M. Barbour et al.



155

undetectably small part of the total flux, 
while heterotrophic respiration dominates 
the flux again with a strong negative frac-
tionation of −67‰ (Table 7.2). However, it 
should be stressed that these conclusions are 
limited by instrument precision, both due to 
low CO2 concentrations and small concen-
tration differences between chamber inlet 
and outlet air streams. Further measurements 
would be required, particularly with δoutlet 
closer to δatm, and with δoutlet more enriched 
than δatm (as described by Hanson et al. 2016)

A strong fractionation effect during Rd, 
as suggested here, does not imply that there 
are pools of metabolites in the leaves with 
strongly negative carbon isotope composi-
tions, and there is little experimental evi-
dence of large changes in δ13C of leaf 
carbon pools. However, it should be kept in 
mind that Rd is a small flux compared to A, 
the size of leaf carbon pools, and even the 
respiratory flux in the dark. It is not sur-
prising under these experimental condi-
tions of extremely low photosynthetic rates 
that the δ13C value of evolved CO2 was 
relatively close to that of carbon fixed 
under growth conditions because the low 
rate of carbon fixation would have been 
insufficient to support the turn- over of 
respiratory pools. In other words, the influx 
of new carbon in metabolism was tiny, sim-
ply because net photosynthesis was close 
to zero (compensation point). Thus, catab-
olism used carbon reserves, and probably 
to a greater extent in magnolia than in spin-
ach, perhaps due to differences in leaf 
structure and leaf mass per unit area. Under 
normal conditions, far from the compensa-
tion point, the influx of new carbon partici-
pates in sustaining day respiration to a 
larger (but still appreciably small) extent 
(Tcherkez et al. 2011)

Wingate et al. (2007) suggested a simple 
approach to allow for isotopic disequilibria 
between growth and measurement CO2 by 
calculating the respiratory fractionation, 
denoted here as e*, as:

 e e∗ = +− δ δoutlet atm  (7.16)

which yields e* = −73‰ for cocklebur and 
spinach and −35‰ for magnolia. For com-
parison, Tcherkez et al. (2011) report e between 
−14 and −32‰ in Pelargonium leaves under 
industrial CO2 at −45‰, giving e* between +5 
and +23‰. Treating fractionation during day 
respiration simply using e* is mathematically 
convenient, but obscures the complexity of 
photosynthetically-linked respiration and het-
erotrophic respiration which drives values of e 
to seemingly (metabolically) unrealistic val-
ues at low photosynthetic rates (i.e. to values 
that cannot reflect a real enzymatic fraction-
ation). However, this approach is relevant 
when A is large relative to Rd.

VI. Influence of Day Respiration 
Fractionation on Mesophyll 
Conductance

Mesophyll conductance to CO2 diffusion (gm) 
has been the focus of increasing interest in the 
last decade, due to recognition of the signifi-
cant and variable limitation it places on pho-
tosynthetic rate (Warren 2008; Flexas et al. 
2008). The development of an online, real-
time stable isotope method to estimate gm 
(Tazoe et al. 2009; Barbour et al. 2010), build-
ing on off-line techniques (Evans et al. 1986), 
has contributed to a rapid expansion of pub-
lished values for gm. However, the technique 
requires assumptions for the values of the 
major 12C/13C fractionations (b, e and f), none 
of which are well constrained. The value for b 
is most important when A/Rd is high, but esti-
mates of gm are extremely sensitive to values 
for e and f when A/Rd is low, such as approach-
ing the light or CO2 compensation points. 
Given that we have fitted values for e of 
−100‰ and −62‰, we explore the influence 
of these values on gm estimates.

Using gas exchange and Δobs measure-
ments presented above, we calculated gm 
using e = −30‰ (i.e. using the Wingate et al. 
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simplification (Eq. 7.16) assuming e* = 
−3‰; Bickford et al. 2009), and found gm 
values were negative when A was less than 
about 5 μmol m−2 s−1. A negative value for gm 
is physically impossible, so it is obvious that 
e = −30‰ is inappropriate here. Using actual 
values of e of −100‰, we find that gm is pos-
itive for all measurements in cocklebur and 
spinach, albeit comparatively low. For cock-
lebur, gm declined with decreasing light 
below 100 μmol m−2 s−1 PAR, when mea-
sured at ca around 380 μmol mol−1; from 
0.018 to 0.005 mol m−2 s−1 bar−1 (Fig. 7.3a). 
Also in cocklebur, gm increased with decreas-
ing ci, and was lower at lower light levels 
(Fig. 7.3b); gm declined from 0.14 to 0.01 mol 
m−2 s−1 between ci of 100 and 200 μmol 
mol−1. Estimated gm also declined with 

increasing ci in spinach, with gm being less 
sensitive to ci for the same leaf when mea-
sured under 2% compared to 21% O2 
(Fig. 7.4). The very low fluxes measured in 
magnolia meant that gm estimates were 
highly variable, but the general trends in gm 
were also observed (data not shown).

The observation of increasing internal 
conductance gm with increasing light and 
decreasing CO2 has been widely observed 
(Flexas et al. 2007, 2008; Hassiotou et al. 
2009; Vrabl et al. 2009; Douthe et al. 2011; 
Tazoe et al. 2011; Xiong et al. 2015), and 
may relate to the activity of carbonic anhy-
drase (Makino et al. 1992), or to variable 
activity or expression of CO2-permeable 
aquaporins in the plasma membranes or 
chloroplast envelopes (Terashima and Ono 

Fig. 7.3. The response of mesophyll conductance (gm) to irradiance (a) and leaf internal CO2 partial pressure 
at differing low irradiances (b) for cocklebur. The lines represent linear regressions: in (a) gm = 0 + 2.00 × 10−4 
PAR, R2 = 0.77, P < 0.0001; in (b) gm = 0.25–11.5 × 10−4 ci, R2 = 0.67, P < 0.0001 for 300 μmol m−2 s−1 PAR, 
gm = 0.106–3.1 × 10−4 ci, R2 = 0.15, P = 0.019 for 150 μmol m−2 s−1 PAR, gm = 0.088–3.6 × 10−4 ci, R2 = 0.57, 
P = 0.0001 for 80 μmol m−2 s−1 PAR. Measured values for the four replicate leaves are shown to demonstrate that 
all leaves responded similarly
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2002; Flexas et al. 2006; Uehlein et al. 2003, 
2008). Indeed, aquaporins have been shown 
to influence CO2 membrane permeability in 
plasma membrane vesicles isolated from 
Arabidopsis and pea leaves, despite the 
absence of a correlation between water and 
CO2 permeability of the membranes (Zhao 
et al. 2016). The data presented here confirm 
gm responsiveness to light and CO2 concen-
tration approaching the compensation points. 
Finally, it should be noted that assuming e = 
−100‰ for spinach and cocklebur did not 
significantly alter the estimates of gm at pho-

tosynthetic rates further from the light and 
CO2 compensation points, even though such 
a negative value of e is inappropriate when 
the respiratory flux forms a very small com-
ponent of net CO2 exchange.

VII.  Conclusions

The data and calculations presented in this 
Chapter suggest that isotope effects during 
leaf day respiration are quantitatively similar 
when approaching the light and CO2 compen-

Fig. 7.4. The response of mesophyll conductance (gm) to leaf internal CO2 partial pressure for spinach when 
measured at 21 and 2% O2. In (b) gm values are normalized to the average gm for that leaf at the given O2 con-
centration, to facilitate comparison between leaves and O2 concentrations. Measured values for the four replicate 
leaves are shown to demonstrate that all leaves responded similarly

7 Isotope Fractionation at the Compensation Point



158

sation points, and are not strongly influenced 
by photorespiration. We found apparent frac-
tionation during Rd to be −100‰ for cockle-
bur and spinach, and −62‰ for magnolia. 
These values, strongly negative, simply stem 
from the definition of e in equations describ-
ing Δobs, whereby it is expressed relative to 
current net  photosynthetically fixed carbon. 
In other words, the apparent very negative 
values are mostly a consequence of (i) the use 
of 13C-depleted CO2 during gas exchange 
measurements, and (ii) the prevalence of CO2 
respiratory efflux from an “old” carbon source 
at low A, causing very large Δobs values. The 
δ13C of CO2 released by Rd was close to the 
estimated δ13C of photosynthates formed 
under growth conditions prior to conducting 
measurements by gas exchange. The approach 
described here provides estimates of Rd 
assuming either a single substrate of current 
photosynthates or two substrate pools, and 
values of Rd were similar to measured values 
using either the Kok or the Laisk method.

Again, the approach of linking δ13C of 
day respired CO2 to current photosynthetic 
discrimination (e.g. Farquhar et al. 1989) is 
mathematically convenient but causes seem-
ingly strange effects approaching zero net 
carbon exchange (positive, as here, or nega-
tive as in Hanson et al. 2016). The isotopic 
disequilibrium approach suggested by 
Wingate et al. (2007) partly addresses this 
issue but obscures the complexity of 
photosynthetically- linked respiration and 
heterotrophic respiration, both of which may 
use either newly-fixed carbon or that fixed 
under previous conditions, and this com-
plexity can affect Δobs and e when A is low. 
Finally, gm was found to increase approach-
ing the CO2 compensation point, but decrease 
approaching the light compensation point in 
cocklebur and spinach, provided the actual 
value of e was used (e.g. –100‰ in spinach). 
Strongly negative values of e did not affect 
estimates of gm at higher photosynthetic 
rates. However, strongly negative e values 
are unlikely to be relevant at higher photo-

synthetic rates when Rd is sustained by cur-
rent photosynthates to some extent, and Δobs 
is much lower because Rd is proportionally 
much smaller than A.
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Summary

Maintenance, defense and growth in plants – and hence their ability to survive and propagate 
despite stress and competition – are strictly dependent on the availability of respiratory sub-
strate as an energy source. Quantitative labeling of photosynthetic products, in conjunction 
with monitoring of tracer appearance in respiratory CO2 and compartmental modeling of tracer 
kinetics, are powerful tools to assess key features of the metabolic system supplying substrate 
for respiration. Such features include the number, the size and the turn-over of kinetically dis-
tinct pools that compose the system. Biological knowledge is essential for deriving a meaning-
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ful topology/architecture of respiratory substrate pools. Here, we describe basic characteristics 
and requirements of quantitative labeling techniques and principles of compartmental model-
ing for the study of the respiratory substrate supply system at both ecosystem and plant levels. 
Dynamic labeling associated with compartmental analysis has been used successfully to parti-
tion autotrophic and heterotrophic components of grassland ecosystem respiration. This com-
bination of methodologies has also shown that the substrates feeding root and shoot respiration 
of a perennial grass are located in the shoot and sustain most of the respiratory activity of 
shoots and roots even during undisturbed growth. And it has provided strong support for the 
fructan pool in the shoot being the main storage compartment supporting respiration in this 
grass species. Finally, we show how a compartmental analysis of the respiratory substrate sup-
ply system can be combined with a compartmental analysis of carbohydrate metabolism in the 
same plant to investigate the potential identity of pools sustaining respiration.

I.  Introduction

Between 30 and 80% of all carbon fixed in 
photosynthesis is respired (lost as CO2) by 
plants (Amthor 2000; Gifford 2003). The 
immediate substrates of respiratory decar-
boxylation are not numerous – they include 
malate, pyruvate, isocitrate, 2-oxoglutarate 
and gluconate-6-phosphate (Heldt 2005; 
Tcherkez et al. 2012) – and represent only a 
small fraction of plant biomass. However, 
between its assimilation in photosynthesis 
and its return to the atmosphere as respired 
CO2, carbon may cycle through various met-
abolic pathways and compartments, includ-
ing stores, in different organs. Thus, 
intermediate substrates for respiration can 
account for a very significant fraction of 
plant biomass (Lehmeier et al. 2010b). 
Potentially, they encompass the entire diver-
sity of metabolic intermediates of central 
metabolism and storage compounds (e.g. 
carbohydrates, fats and proteins) (Amthor 
1989; Plaxton and Podesta 2006; Araujo 
et al. 2011). For those reasons, the residence 
time of respiratory substrates may vary enor-
mously inside the plant, from minutes (or 
less) to months (or longer) (e.g. Ludwig and 
Canvin 1971; Haupt-Herting et al. 2001; 
Carbone and Trumbore 2007; Lehmeier 
et al. 2008; Lynch et al. 2013; Fahey et al. 
2013). Since respiration is intimately con-
nected with metabolic activities supporting 
growth and survival of plants (Amthor 1989; 
Johnson 1990; Cannell and Thornley 2000; 
Plaxton and Podesta 2006), knowledge of 

the control of residence time, chemical iden-
tity and localization of respiratory substrates 
is important to understand the carbon econ-
omy of plants and ecosystems.

In this chapter, we will show how the 
investigation of the residence time of respi-
ratory carbon in plants – that is, the time lag 
between being fixed in photosynthesis and 
becoming respired – can provide informa-
tion about structural/physical and kinetic 
features of the metabolic system supplying 
respiration. To this end, we will first describe 
relevant methodologies for tracing carbon in 
plants and analyze the compartmentalization 
of substrates and kinetic properties of respi-
ratory substrate pools. Specifically, we will 
detail the use of dynamic (or continuous) 
labeling with 13CO2/12CO2 mixtures of 
known, constant isotopic composition for 
estimating the residence time of respiratory 
substrates. Next, we will explain how com-
partmental models can be used to analyze 
tracer kinetics in plant biomass or in respired 
CO2 for disentangling the structure (topol-
ogy) of the substrate supply system for respi-
ration, the turn-over and the size of its 
component pools, as well as carbon parti-
tioning between pools and environment, and 
individual pool contributions to respiration. 
Then we will illustrate how these methodol-
ogies can be used (i) to partition the autotro-
phic and heterotrophic component of 
grassland ecosystem respiration and to 
assess the residence time of respiratory sub-
strates in plant and rhizosphere biomass 
(Gamnitzer et al. 2009); (ii) to derive the 
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topology and kinetic features of the substrate 
supply system of shoots and roots of peren-
nial ryegrass (Lehmeier et al. 2008); and (iii) 
to analyze carbon fluxes in central carbohy-
drate metabolism of perennial ryegrass 
leaves (Lattanzi et al. 2012b). Finally, we 
will compare tracer kinetics in respired CO2 
of shoots with that of sucrose in leaf blades 
and discuss the chemical identity of the sub-
strate pools supporting respiration.

II.  Tracing Carbon

A.  Isotopic Labeling Techniques

Investigations of the residence time of respi-
ratory substrate carbon in intact plants have 
generally relied on carbon isotope tracer 
techniques. For that purpose, plants grown in 
an atmosphere with a certain carbon isotope 
composition in CO2 are exposed to an atmo-
sphere with another carbon isotope composi-
tion of the CO2, so that new photosynthetic 
products become tagged with a specific (iso-
topic) label (Fig. 8.1). The appearance of 
carbon from labeled photosynthates in 
respired CO2 or in plant biomass is then 
monitored over a period of time. In the past, 
both radioactive (11C and 14C) and stable 
(13C) isotopes have been explored and 
exploited for this purpose (e.g. Ludwig and 
Canvin 1971; Geiger 1980; Thorpe et al. 
1998; Haupt-Herting et al. 2001; Lötscher 
et al. 2004; Kuzyakov and Larionova 2005). 
Because of its short half-life (20.5 min) the 
focus of 11C tracer studies is on short time 
scales (e.g. Farrar et al. 1995). 13C or 14C 
tracers, applied artificially in the laboratory 
or in the field, have been used to elucidate 
carbon cycling in plants and ecosystems 
over a wide range of time-scales from min-
utes to months or even years (e.g. Ludwig 
and Canvin 1971; Haupt-Herting et al. 2001; 
King et al. 2004; Carbone and Trumbore 
2007; Bahn et al. 2009). On long time scales, 

Fig. 8.1. Scheme illustrating different dynamic 
labeling approaches. Individual plants can be labeled 
by swapping pairs of plants between two growth 
chambers (a) and (b), run with identical environmen-
tal conditions (including CO2 concentration) but dif-
ferent carbon isotope composition (δ13C) of the CO2 
(for details, see Lehmeier et al. 2008). Both growth 
chambers are operated in the open mode, with a high 
flow rate of air through the chambers (open arrows). 
Changes (kinetics) of the δ13C of biomass pools or 
respiratory CO2 are followed by labeling plants for 
different periods of time before harvest or respiration 
measurements. Given that plants and environmental 
conditions are identical in the two chambers, both car-
bon isotope discrimination (Δ) and labeling kinetics in 
carbon pools (change in flab over time) should be iden-
tical too. Note that Δ is independent of the δ13C in CO2 
(Farquhar et al. 1989; Schnyder 1992). Accordingly, 
any difference in Δ and flab kinetics between plants 
moved from (a) to (b) and from (b) to (a) indicates 
an artifact in the labeling experiment, such as con-
tamination of the chamber atmosphere with external 
CO2. For that reason, we routinely monitor the δ13C in 
CO2 of the chambers’ atmosphere. To label entire plant 
communities, it is much simpler to switch the isoto-
pic CO2 sources that supply the parallel chambers, (c) 
and (d) (for further detail see Schnyder et al. 2003). 
Again, the parallel (replicate) chambers are operated 
under identical environmental conditions and high air 
flow. The rate and δ13C of CO2 exchanged by the com-
munity inside a chamber is monitored continuously 
during the pre-labeling and labeling periods, with an 
infrared CO2 gas analyzer and an online 13CO2/12CO2 
mass spectrometer measuring sequentially inlet and 
outlet air. Such measurements provide tracer kinetics 
in dark-respired CO2 but can also be used to estimate 
respiration in the light (see Schnyder et al. 2003)

8 Respiratory Substrate Kinetics
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much insight in ecosystem carbon cycling 
and respiration has also been obtained by 
investigating the residence time of 14C pro-
duced during atmospheric testing of thermo-
nuclear weapons during the early 1960s 
(Trumbore 2000).

There are two main methodologies for 
tracing photosynthetic products with labeled 
CO2: “pulse” (or, more precisely, “pulse- 
chase”) and “dynamic” labeling (Schnyder 
et al. 2012). Dynamic labeling has also been 
termed “continuous” or “steady-state” label-
ing. However, the term “steady-state label-
ing” is nowadays used with a different 
meaning in fluxomics studies (see Chap. 14). 
In fluxomics, it refers to a technique to infer 
metabolic fluxes from intramolecular 
13C-enrichment patterns, obtained after hav-
ing supplied positionally-labeled 
13C-substrates (e.g. sugars or amino acids) 
and analyzed the positional redistribution of 
the label in metabolites of various biochemi-
cal pathways when that distribution has 
reached a steady state (Ratcliffe and Shachar- 
Hill 2006; Kruger et al. 2014).

A dynamic labeling experiment consists 
of two stages: a pre-labeling period where 
the system (a leaf, a plant, or a plant com-
munity) is held in an atmosphere with CO2 
of a certain carbon isotope composition 
(often normal air with a natural abundance 
isotope composition of CO2), and a labeling 
period in which the system is exposed to 
CO2 with another isotope composition (e.g. 
Deléens et al. 1983; Geiger and Shieh 1988; 
Schnyder et al. 1992). During the course of 
the labeling period, the increase in tracer 
content is monitored in the substance of 
interest (e.g. respired CO2, see below Section 
B. Determining tracer kinetics in dynamic 
labeling experiments). Except for the isotope 
composition of the CO2, environmental con-
ditions (including CO2 concentration) should 
be kept identical in both pre-labeling and 
labeling periods so that temporal changes in 
the isotope composition of the substance of 
interest following the start of labeling are 
entirely attributable to labeling and thus, to 

intrinsic properties of the biological system. 
Also, to gain quantitative information from 
the labeling data, the isotope composition in 
CO2 must be constant within, but different 
between, the pre-labeling and labeling peri-
ods. Particularly in field experiments, main-
taining these conditions during the whole 
labeling period can be challenging 
(Gamnitzer et al. 2009).

The pulse-labeling methodology has three 
stages: first, a pre-labeling period where the 
system is exposed to an atmosphere with CO2 
of a certain carbon isotope composition (again, 
generally normal air); second, a “pulse” stage 
in which the system is exposed to, or spiked 
with, isotopically different CO2 for a short 
period of time so that carbon assimilated dur-
ing the pulse is labeled; and third, an extended 
“chase” period in which the system is returned 
to and kept in the original atmosphere. In the 
chase period, new photosynthetic products 
have the same isotopic composition as photo-
synthates produced during the pre-labeling 
period. Typically, the monitoring of the isoto-
pic tracer in the substance of interest starts in 
the chase period, that is, just after the pulse. 
The pulse duration can vary widely from sec-
onds to days, and the CO2 used is typically 
strongly enriched in 11C, 14C or 13C. Ideally, the 
duration of the pulse is a function of the pro-
cess considered. It is short if that process 
exhibits fast kinetics (such as photorespira-
tion), and longer if it deals with longer resi-
dence time phenomena such as plant carbon 
allocation to rhizospheric organisms or litter 
(e.g. Ludwig and Canvin 1971; Dilkes et al. 
2004; Högberg et al. 2008; Epron et al. 2011; 
Hannula et al. 2012). Pulse-chase-labeling is 
arguably the more popular methodology, 
partly because the method is considered less 
technically demanding than dynamic labeling. 
Again, to be really representative, environ-
mental  conditions should be the same in all of 
the three periods, except for the carbon isotope 
composition in CO2 during the pulse. However, 
in reality, changes in temperature, humidity, 
CO2 concentration or other environmental fac-
tors frequently occur during the pulse period. 
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Also, the isotope composition and concentra-
tion of the CO2 is often not kept constant dur-
ing the pulse. Nevertheless, since exposure 
times (i.e. pulse durations) are often short the 
level of environmental control required during 
the pulse period is usually not considered to be 
critical for interpreting pulse-chase tracer data.

B. Determining Tracer Kinetics 
in Dynamic Labeling Experiments

In the past, our laboratory has often used 
‘near-natural abundance’ CO2 sources for 
dynamic 13C labeling experiments in con-
trolled environments and in the field 
(Schnyder et al. 2003; Gamnitzer et al. 2009; 
Lattanzi et al. 2012a). These sources included 
CO2 from mineral and organic origins, with 
typical δ13C of about −4‰ and −48‰, 
respectively (note that the current natural 
abundance of δ13C in atmospheric CO2 is 
about −9‰).1

In the case of experiments carried out in 
controlled environment, these studies gener-
ally employed replicated experimental units 
(with at least two growth chambers), with 
the same plant material and environmental 
conditions, but contrasted δ13C of CO2 (e.g. 
Schnyder et al. 2003; Lehmeier et al. 2008). 
In such experiments, labeling is either 
achieved by swapping individual plants 
between chambers receiving CO2 with dif-
ferent δ13C (Fig. 8.1a, b) or by switching the 
δ13C of CO2 supplied to the different cham-
bers (Fig. 8.1c, d). The swapping method is 
useful for labeling of individual plants, 
whereas the switching leads to the labeling 
of the entire plant community. If the labeling 
is combined with concurrent measurements 
of 13CO2/12CO2 exchange (Schnyder et al. 
2003; Schäufele et al. 2011) such switching 
experiments can be used to monitor the 
tracer kinetics of respiratory CO2 in the dark 

1 The δ13C denotes the relative deviation of the molar 
abundance ratio (R = 13C/12C) of a sample (e.g. CO2) from 
that of the international V-PDB standard i.e. δ13C = (Rsample 
/ Rstandard) –1 (Coplen 2011).

periods of diurnal cycles and to estimate 
rates of canopy “dark respiration in light” 
(day respiration).

In both the ‘switching’ and ‘swapping’ 
methods, labeling kinetics of biomass compo-
nents/pools or respired CO2 is evaluated in the 
same way. In practice, the quantity of interest 
is the fraction (or proportion) of new carbon 
(flab) in respired CO2, and how it changes dur-
ing the labeling period. flab is obtained by 
mass-balance from a 2- component mixing-
model as in Schnyder (1992):
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resp new resp old
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−

−

δ δ

δ δ

13 13

13 13  
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where δ13Cresp designates the δ13C of respired 
CO2, and subscripts ‘lab’, ‘old’ and ‘new’ 
refer to the δ13Cresp of labeled plants, and 
plants maintained continuously in the cham-
ber of origin (old) or in the new chamber, in 
‘swapping’ experiments. Accordingly, in 
‘switching’ experiments, ‘lab’, ‘old’ and 
‘new’ refer to the δ13Cresp of the labeled com-
munity, and communities kept constantly in 
the presences of the (pre-labeling) original 
CO2 (old), or in the presence of the labeling 
CO2 (new). Thus, δ13Cresp new corresponds to 
the δ13Cresp that is observed when all respired 
CO2 derives from substrate (assimilates) 
formed from the new CO2 source, when the 
entire respiratory substrate supply system is 
fully labeled (flab = 1). In the same way, 
δ13Cresp old reflects a situation when all respired 
CO2 is derived from substrates originating 
from the pre-labeling CO2 (flab = 0).

Shortly after the transfer of a plant from 
one chamber to the other (or switching of the 
CO2 source), flab will be close to 0 as nearly 
all respiration is fueled by substrate assimi-
lated prior to labeling. With labeling time, 
the non-labeled respiratory substrate is pro-
gressively replaced by substrates that reflect 
tracer assimilation during labeling. Hence, 
flab increases with time. As we show below, 
very long periods of continuous labeling 
(>10 days) are required for complete label-
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ing of the entire substrate supply system of 
individual plants. In ecosystem-scale experi-
ments, complete labeling of the substrate 
pools for respiration is unrealistic since there 
is a large heterotrophic respiration compo-
nent and the residence time of carbon in the 
soil organic matter pool can be very long. In 
other words, δ13Cresp new (where flab = 1) can-
not be measured directly in ecosystem stud-
ies. In that case, δ13Cresp new is estimated from 
δ13Cresp old, by considering the δ13C difference 
between the CO2 sources used in pre- labeling 
and labeling periods, and accounting for the 
carbon isotope discrimination (Δ) observed 
between the δ13C of respired CO2 in the unla-
beled system (i.e. δ13Cresp old) and the δ13C of 
the pre-labeling CO2 (i.e. ‘old’ CO2, which is 
usually ambient CO2 in ecosystem-scale 
labeling studies).2 Thus, δ13Cresp new is 
obtained as follows:
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∆
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where δ13Ctracer CO2 is the δ13C of the labeling 
CO2, and δ13Cold CO2 is that of CO2 during the 
pre-labeling phase (Schnyder 1992; 
Schnyder et al. 2003; Gamnitzer et al. 2009). 
As Δ is sensitive to environmental condi-
tions – particularly drought – environmental 
conditions must be kept the same during the 
pre-labeling and labeling phases of the 
experiment, or environmental effects on Δ 
should be accounted for when estimating 
δ13Cresp new (see e.g. Ostler et al. 2016).

2 This definition of Δ integrates the carbon isotope dis-
crimination in both photosynthesis and following steps 
(post-photosynthetic events) that are associated with 
metabolism of respiratory substrates.

III.  Compartmental Modeling

Compartmental modeling (or analysis) is a 
mathematical method for interpreting (isoto-
pic) tracer kinetics, i.e. the time course of flab, 
in terms of properties of the metabolic sys-
tem that generates them (Atkins 1969; 
Jacquez 1996). In practice, compartmental 
modeling characterizes the system by giving 
the number of kinetically distinct pools, the 
arrangement of those pools (topology/archi-
tecture), the residence time of the tracer in 
each pool, the size of each pool, the fluxes 
through each pool and between pools and the 
environment, and the relative importance 
(contribution) of pools in serving/sustaining 
the fluxes. Also, the terms “turn-over” or 
“turn-over time” are common for (mean) 
residence time, referring to the (average) 
time an element stays in a pool. Another 
related term is “half-life”, which refers to the 
time after which half of the elements in a 
pool have been exchanged.

Usually, pools are described as being 
well-mixed and obeying first order kinetics 
(so that the turn-over of a single pool can be 
described by a single exponential function). 
This means that molecules entering a pool 
are instantaneously mixed with molecules 
that are already present in that pool. For 
example, tracer kinetics of metabolic pools 
such as sugars (see Sect. VI) has repeatedly 
shown a good agreement with first order 
pool kinetics. In some cases, biomass pools 
have a layered (or incremental) nature. In a 
layered pool, newly formed biomass ele-
ments are successively added to the pool, 
reside inside the pool for a given period of 
time (that is the life-span of the element), 
and then leave the pool in exactly the same 
order in which they were added to the pool. 
Structural elements, such as cell wall mate-
rial in leaves, often behave as layered pools 
with predictable life spans (Ostler et al. 
2016).

Individual pools of a compartmental 
model are interrelated according to a specific 
linkage pattern, that is, they exchange mate-
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rial via specific links (fluxes), and may or 
may not exchange with the environment. 
Generally, fluxes leaving a well-mixed pool 
are proportional to the pool size. This allows 
describing the time course of the tracer in the 
system with a set of ordinary differential 
equations, with one equation for each pool 
that equates the change of this pool with the 
balance of fluxes entering (influxes) and 
leaving it (outfluxes) (e.g. Lattanzi et al. 
2012b). Parameters used in these equations 
denote the characteristics of the modeled 
system, such as pool sizes, pool turn-over, 
etc. For very simple models, an explicit ana-
lytical solution (i.e. formula of function 
flab(t), see Sect. IV) may be obtained. For 
more complex models, numerical integration 
is a basic mathematical tool to solve equa-
tions and derive flab(t) numerically.

For a specific measured quantity and 
entity (such as respired CO2 in Sects. IV and 
V, or individual sugars in Sect. VI), tracer 
kinetics flab(t) predicted by the model can be 

compared to observed data. By varying 
model parameters, one can determine an 
optimum parameter set that gives the best fit 
between model prediction and observed 
data. It is worth noting that the tracer kinet-
ics observed in a specific pool does not only 
reflect the turn-over of this pool, but also that 
of all other pools in the system that supply 
material directly or indirectly to that specific 
pool. For example, the tracer kinetics of pool 
Q1 in Fig. 8.2c follows a two-term exponen-
tial function, because it reflects its own turn- 
over and that of pool Q2. In general, the 
number of exponential terms reflects the 
number of kinetically distinct, well-mixed 
pools in the system. In other words, using a 
one-term exponential fit – which is fre-
quently done (e.g. Carbone et al. 2007; 
Carbone and Trumbore 2007; Klumpp et al. 
2007; Bahn et al. 2009; Nelson et al. 2014) – 
to observed tracer kinetics, is equivalent to 
assuming that the system of interest is sim-
ply made of a single, well-mixed pool.

Fig. 8.2. Simulation of tracer time course (respiratory tracer kinetics) in a dynamic (a) and a pulse- chase 
(b) labeling experiment with identical systems as shown in (c) (Adapted from Schnyder et al. 2012). The tracer 
time course is based on a continuous tracer study with Lolium perenne (Lehmeier et al. 2010a, b). In that experi-
ment, plants were grown in continuous light and labeled by swapping plants between chambers receiving CO2 
with different δ13C (cf Fig. 8.1a, b). The tracer kinetics followed a two-pool model, with well-mixed pools, that 
included a ‘metabolic and transport pool’ (Q1) and a ‘store’ (Q2), as shown in panel (c). Assimilated tracer entered 
the system via Q1 and was then either respired directly or first exchanged with Q2 before being respired. We used 
pool characteristics obtained by Lehmeier et al. (half-life of Q1 and Q2 of 5.8 h and 50 h, respectively and ratio of 
pool sizes Q2-to-Q1 of 4.4) to predict tracer kinetics resulting from dynamic labeling (a) or a hypothetical pulse- 
chase experiment (with a 3 h long pulse) in identical conditions (b). Panels (a) and (b) thus represent identical 
systems with two different labeling strategies. In both panels, the labeling duration is indicated by a horizontal 
grey shaded bar. The solid line represents the fraction of labeled carbon in respired CO2, which equals that in Q1. 
The dashed line shows the fraction of labeled carbon in Q2. Note the different scales for the y-axes in (a) and (b). 
The red solid line in (b) shows the decay (washout or chase) kinetics of Q1 following the 3-h pulse
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There is a great variety of potential model 
topologies, for a system with a given number 
of pools. For example, Schnyder et al. (2012) 
have shown that a system consisting of two 
well-mixed pools can be represented with 
ten different, basically plausible topologies. 
Statistical methods (in particular Akaike’s 
information criterion, AIC) can help to assess 
and compare the adequacy of compartmental 
model topologies and complexities in terms 
of the number of model parameters in the fit 
to the tracer data (e.g. Ostler et al. 2016). 
However, basic biological knowledge of the 
system – including the understanding of 
physical compartmentalization and meta-
bolic pathways – is required for the design of 
a biologically realistic compartmental model 
topology, even if the system is composed of 
only two pools. For instance, of the ten dif-
ferent two-pool topologies mentioned above, 
four provided equivalent goodness of fit to 
the tracer data and were superior to the other 
six topologies in terms of parameter uncer-
tainties. So, in the end, biological insight 
was critical for the selection of the most 
plausible of the four models. Besides being 
biologically plausible, a model should be 
parsimonious, i.e. should not be more com-
plex than is required for a non-biased repre-
sentation of the data (e.g. Ostler et al. 2016). 
This principle of parsimony (Occam’s razor 
principle) is taken into account in AIC statis-
tics. In summary, one should retain the least- 
redundant, biologically realistic model.

Compartmental modeling is straightfor-
ward when the biological system under study 
is in a steady-state, with constant pool sizes 
and constant fluxes. In practice, such condi-
tions are rarely met in real biological sys-
tems, particularly in field studies where 
environmental conditions can vary errati-
cally at multiple time-scales (minutes, hours, 
days, weeks, seasons and years), affecting 
photosynthetic and post-photosynthetic met-
abolic fluxes. Such changes may lead to 
alterations in the size and turn-over of respi-
ratory substrate pools, and disturb the bal-
ance between substrate-limited and 

substrate-saturated respiratory activities. 
This in turn can complicate greatly (or even 
invalidate) any evaluation of tracer kinetics. 
Especially, diurnal carbohydrate stores, a 
source of substrate for respiration, are filled 
during the day and consumed in the dark 
(e.g. Gordon et al. 1980a, b; Borland and 
Farrar 1985; Smith and Stitt 2007; Magaña 
et al. 2009). Yet, environmental conditions 
are often stable enough on a day-to-day basis 
to enable compartmental modeling of meta-
bolic pools and substrate pools supplying 
respiration (Lehmeier et al. 2010a) even in 
the field (Gamnitzer et al. 2009; Ostler et al. 
2016). As a means to assess the sensitivity of 
compartmental model parameters to envi-
ronmental conditions, it can be useful to 
model flab as a function of variable parame-
ters (instead of time). For instance, Ostler 
et al. (2016) compared the sensitivity of 
model parameters by modeling flab of shoot 
carbon as a function of time, cumulative 
PPFD, accumulated soil temperature, or air 
temperature since the start of labeling.

In principle, compartmental modeling can 
be performed on the basis of pulse-chase or 
dynamic labeling kinetics (Fig. 8.2). In ideal 
(i.e. steady-state and error-free) conditions, 
both approaches will yield the same result. 
However, when the biological system is 
explored under variable environmental con-
ditions, dynamic labeling is likely to provide 
greater “buffering” of the effect of short- 
term environmental fluctuations on tracer 
incorporation and propagation, and hence 
would provide outputs that are less depen-
dent on instantaneous variations (Ostler 
et al. 2016). Also in practice, in pulse- 
labeling experiments, the isotope composi-
tion of labeled CO2 is often unknown due to 
the isotopic dilution by non-labeled CO2 
(e.g. CO2 evolved by concurrent respiration), 
and accurate measurement of the isotopic 
composition during the pulse may be ren-
dered difficult by the high isotopic enrich-
ment. If the isotopic composition of the CO2 
fixed during labeling is not known, the allo-
cation/partitioning or metabolic fluxes asso-
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ciated with the carbon assimilated during 
labeling cannot be quantified. Most impor-
tantly, when compared with dynamic label-
ing, pulse labeling creates a much weaker 
labeling signal in slowly turned-over as 
compared to rapidly turned-over pool(s) 
(Fig. 8.2). This makes their detection against 
background noise rather difficult and thus 
their identification is trickier than for fast 
pools. By contrast, pulse labeling (with 
11CO2, 13CO2 or 14CO2) is very well suited for 
studies of the propagation of rapidly labeled 
carbon in a system, such as translocation of 
sucrose synthesized from current assimilates 
(e.g. Fisher 1970; Minchin and Thorpe 2003; 
Schnyder et al. 2012; Kölling et al. 2013).

IV. Partitioning the Autotrophic 
and Heterotrophic Components 
of Ecosystem Respiration

Dynamic labeling is an excellent tool for the 
nondestructive assessment of the contribu-
tion of autotrophic (plant and rhizosphere) 
and heterotrophic respiration to whole eco-
system respiration (Gamnitzer et al. 2009) 
simply because these two functionally dis-
tinct metabolic systems exhibit very different 
kinetics. Autotrophic respiration is closely 
connected with current photosynthesis, turn-
over of plant metabolic pools and exudation 
to rhizospheric (micro)organisms, while het-
erotrophic respiration is primarily fueled by 
much ‘older’ carbon atoms that come from 
dead plant structural biomass. The tracer 
kinetics in Fig. 8.3, obtained in a temperate 
grassland ecosystem over 2-week-long 
dynamic labeling during the growing season, 
illustrates this nicely. It demonstrates that the 
time course of the fraction of labeled carbon 
in total ecosystem respiration (flab) is well 
represented by a two-pool system (R2 = 0.97) 
given by a one-term exponential function:

    
f t a e bt
lab ( ) = −( )−1  (8.4)

where a is the fractional contribution of 
autotrophic respiration to ecosystem respira-
tion, b the turn-over of the pool sustaining 
autotrophic respiration, and t the labeling 
duration. During the 2-week-long labeling 
period, flab(t) plateaued at a value of around 
0.48 (Fig. 8.3). This means that about 52% 
of ecosystem respiration did not release 
tracer during this period as it was fueled by 
old (non-labeled) carbon (Fig. 8.3). This is 
consistent with the participation of a “lay-
ered pool” of dead structural biomass (see 
Sect. III) that did not receive (and release) 
any tracer during the experimental period. 
Thus, this component of ecosystem respira-
tion must have equaled heterotrophic respi-
ration, with a contribution equal to 1 – a (eq. 
8.4). Investigation of both simpler and more 
complex models showed that eq. (8.4) was 
the most parsimonious mathematical repre-
sentation of this system of grassland 
respiration.

It should be noted that the data shown in 
Fig. 8.3 are also compatible with a two-pool 
model of carbon dynamics in plant shoot 
biomass (as shown by Ostler et al. 2016). 
This model includes a well-mixed metabolic 
pool (that supplies growth and autotrophic 
respiration including that of rhizospheric 
organisms) and a layered structural biomass 
pool, in which a given layer i represents 
structural biomass that was formed j days 
ago. When layer i reaches the life span of the 
tissue, it leaves the structural pool and passes 
on to the litter (or dead plant biomass) pool 
(Fig. 8.4a), which is the primary substrate 
for heterotrophic respiration and soil carbon 
transformations (e.g. Randerson et al. 1996; 
Hopkins et al. 2013). That heterotrophic res-
piration did not release any isotopic tracer 
during the 2-week-long dynamic labeling 
(Fig. 8.3) matched well the observation, that 
(i) fresh litter or dead shoot tissue produced 
during the experiment did not contain any 
tracer (Ostler et al. 2016); (ii) leaf life span 
of the co-dominant species on the pasture 
was larger than the experimental duration 
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(Schleip et al. 2013); and (iii) root life span 
of grasses is even longer than that of leaves 
(Matthew et al. 2001; Mommer et al. 2015). 
In tracer experiments lasting shorter than the 
(minimum) tissue life span, any significant 
transfer of tracer to the litter pool and tracer 
release by heterotrophic respiration is 

unlikely, except if herbivores contribute sig-
nificantly to respiration.

One may wonder why the kinetics of all 
of the respiratory substrate pools from the 
diverse plant community members (belong-
ing to different species and functional 
groups) can be encapsulated into a single, 
whole-community autotrophic pool exhibit-
ing first order kinetics (Fig. 8.3). This effect 
simply comes from the fact that shoot carbon 
pools that sustain plant growth and respira-
tion in co-dominant species of this ecosys-
tem exhibited very similar tracer kinetics 
(Ostler et al. 2016).

V. Shoot and Root Respiration 
Share the Same Substrate Pools

Dynamic labeling experiments in controlled 
environment and measurements of the tracer 
content (flab) in CO2 respired by shoot and roots 
of perennial ryegrass provided strong evidence 
for a common substrate system supplying both 
shoot and root respiration (Lehmeier et al. 
2008). Although the pattern of tracer kinetics 
of respiration was complex in both plant parts 
(Fig. 8.5), shoot and roots exhibited strong par-
allelism revealing key characteristics of whole 
plant respiration. Tracer kinetics and basic bio-
logical understanding led to designing a three-
pool model as shown in Fig. 8.4b. The model 
output suggested that:

 (i) The initial increase in flab of CO2 respired 
by shoots and roots of individual plants was 
very fast and plateaued at 0.16 in the shoot 
and 0.13 in the roots, indicating the involve-
ment of a small respiratory substrate pool, 
Cmet1 (equivalent to 0.2 mg C g−1 plant C) 
with a half-life of less than 0.2 h. The asso-
ciated respiratory activity (Ra1 in Fig. 8.4b) 
was thus closely connected to current pho-
tosynthesis and accounted for about 16% of 
shoot respiration and 13% of root respira-
tion. Possibly, that pool was composed of 
organic acids, e.g. malate (Lehmeier et al. 

Fig. 8.3. 13C labeling kinetics (time course of 
tracer content) of CO2 respired by a temperate 
grassland ecosystem (Adapted from Gamnitzer et al. 
2009). This grassland was dominated by two grasses, 
perennial ryegrass (Lolium perenne) and Kentucky 
bluegrass (Poa pratensis), a rosette dicot (Taraxacum 
officinale) and a stoloniferous legume (Trifolium 
repens). The experiment was performed in a perma-
nently grazed pasture paddock, in a plot that had been 
fenced off 2 weeks before the start of the dynamic 
labeling. Labeling occurred inside two open-top cham-
bers (OTC) on areas of 0.83 m2 (OTC volume 660 L) 
using a 13C-depleted CO2 source (δ13C of −48.6‰). A 
high daytime air flux through the OTC was maintained 
throughout the 16-d long continuous labeling experi-
ment, resulting in a CO2 concentration of 367 ± 7 μmol 
mol−1 (close to ambient conditions) and a δ13C of CO2 
in chamber air near −46.9‰ inside the OTC (approx. 
38‰ less than the δ13C of CO2 in normal ambient air) 
at midday. Nighttime respiration was measured with 
an infrared CO2 analyzer that was interfaced with an 
on-line stable isotope ratio mass spectrometer (IRMS). 
Nighttime measurements were performed with the 
same experimental conditions as during daytime but a 
lower flux of air through the OTC. The deviation of the 
tracer data from the expected kinetics in the last few 
days was related to very strong rainfall in that period
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Fig. 8.4. Compartmental models at different scales: grassland ecosystem respiration (a), shoot and root 
respiration in a grass plant (b), and carbohydrate metabolism in a grass leaf (c). (a) Three-pool model of the 
substrate supply system of ecosystem respiration based on Gamnitzer et al. (2009) and Ostler et al. (2016). 
Assimilated carbon (P, photosynthesis) enters a well-mixed metabolic pool (Cmet) that supplies plant respiration 
(Ra, autotrophic respiration, including rhizospheric organisms) and synthesis of structural plant biomass (Cstruct). 
The structural biomass pool is designed as a layered pool to which layers are continuously added by ongoing 
structural biomass synthesis (in the form of leaf and root production) and shed to the ‘dead’ biomass pool (Cdead) 
in the form of litter when the layer has reached its tissue life-span. Litter forms the primary substrate for hetero-
trophic organisms and associated heterotrophic respiration (Rh). (b) Three-pool model of the substrate supply 
system of shoot and root respiration of Lolium perenne growing in continuous light (Adapted from Lehmeier 
et al. 2008). Photosynthetic carbon (P) enters the respiratory substrate system via pool Cmet1 that supplies a rap-
idly labeled respiratory flux Ra1. The main respiratory activity Ra2 is sustained by Cmet2 which exchanges substrate 
with a store (Cstore). (c) Four-pool compartmental model of central carbohydrate metabolism in source leaves 
of Lolium perenne (Adapted from Lattanzi et al. 2012b). Suc, sucrose; Glc, glucose; Fru, fructose. Percentages 
indicate the relative size of the carbohydrate pools. Carbon enters the system via sucrose. Sucrose is consumed in 
fructan synthesis and sucrose hydrolysis. Fructan degradation produces fructose. Glucose and fructose are used 
in re-synthesis of sucrose. Carbon is exported from the system in the form of sucrose
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2008, 2010b; Heber and Willenbrink 1964; 
Imsande and Tourraine 1994).

 (ii) The initial increase in flab of root-respired 
CO2 occurred with a delay of about 0.8 h 
relative to shoot-respired CO2. Such a 
time lag is consistent with the substrate 
being transported from the shoot to the 
root via the phloem (e.g. Windt et al. 
2006) and thus suggests that shoots might 
be the source of this respiratory 
substrate.

 (iii) Further increase in flab of shoot- and root- 
respired CO2 occurred only after a delay of 
3–4 h, thus revealing the existence of 
another respiratory activity (Ra2 in Fig. 8.4b) 
that was connected with a second substrate 
pool, Cmet2, respiring substrate only after a 
significant time lag after photosynthetic 
assimilation. The fact that the delay was 
similar for shoot and root suggested that the 
delay was related to metabolism rather than 
transport.

 (iv) The tracer kinetics beyond 4 h of labeling 
fitted well a two-term exponential function 
(statistically superior to a one-term expo-
nential), supporting the existence of two 
pools supporting Ra2: a relatively rapidly 
turning- over substrate pool (Cmet2) and a 
slow pool (thereafter referred to as ‘store’ 
and denoted as Cstore) which exchanged with 
Cmet2. The use of a two-term exponential 
function also means that respiratory tracer 
release must have occurred from Cmet2 (the 
more rapidly turned-over pool), since oth-
erwise the fast pool would have not been 
detected.

Fitting the model to root and shoot data 
separately yielded very similar results for the 
half-life of the two pools (~3 h and 33 h for 
Cmet2 and Cstore) and the contribution of the 
store to total respiration of shoot or root 
(~53%), suggesting that the same substrate 
pools supported root and shoot respiration  

Fig. 8.5. Time course of tracer content (tracer kinetics) in shoot and root respiration of perennial rye-
grass (Lolium perenne). Plants were grown under constant conditions with continuous light and ample nutrient 
supply (Adapted from Lehmeier et al. 2008). Kinetics show the fraction of labeled carbon in CO2 respired by 
shoots (closed circles) and roots (open squares) during the first 24 h of dynamic labeling (a) and a 300 h-long 
period of continuous tracer application (b). Error bars denote SE (n = 4–6). Lines denote model predictions 
(according to Fig. 8.4b) in shoot (solid line) and root (dashed line). In this experiment, plants were grown from 
seed in the presence of either 13C-depleted (δ13C of −28.8‰) or 13C-enriched CO2 (δ13C of −1.7‰) in different 
growth chambers and labeled by swapping individual plants between two chambers as in Fig. 8.1a and b. Plants 
were kept in their ‘new’ environment for 1 h to 25 days, and then moved out of the chamber to measure shoot 
and root respiration and the δ13C values in respired CO2 (similar to Lötscher et al. 2004 and Klumpp et al. 2005). 
The direction of swapping (from 13C-depleted to 13C-enriched CO2 or vice-versa) had no effect on tracer kinetics
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in approximately equal proportions. 
Remarkably, the total size of the pool system 
supplying root respiration was far greater 
than the combined size of the non-structural 
carbohydrates plus protein pools – putative 
substrates for respiration – in the roots, again 
demonstrating that the substrate supply sys-
tem supporting root respiration must have 
been located mainly in the shoot (Lehmeier 
et al. 2010b).

VI. Central Carbohydrate 
Metabolism in Leaves

Non-structural carbohydrates represent the 
most important source of substrate for  
respiration. In cool season grasses, such as 
perennial ryegrass and C3 cereals, fructans 
(fructose-based oligo- or polysaccharides) 
are the main longer-term storage carbohy-
drates of vegetative plant parts (Pollock and 
Cairns 1991). Sucrose has a pivotal role in 
carbohydrate metabolism of fructan-storing 
species, since it is the immediate substrate 
for fructan synthesis in vacuoles (Wagner 
et al. 1983) and is re-synthesized from fruc-
tose released by fructan degradation (Pollock 
and Cairns 1991). In addition to serving as a 
primary photosynthetic product, sucrose can 
be a short-term/diurnal storage compound in 
vacuoles of photosynthetically active tissue 
(Gordon et al. 1980a, b; Schnyder 1993) and 
it has a widespread role as a transport sugar 
(Amiard et al. 2004; Lalonde et al. 2003) 
that supplies non-photosynthetic tissues of 
plants. Hence, part of our past work has been 
devoted to tracer kinetics in sucrose and 
fructan, as well as glucose and fructose, in 
actively photosynthesizing leaves (Lattanzi 
et al. 2012b) of the same plants used for 
dynamic labeling in Sect. V above. In these 
plants, which grew under continuous light, 
leaf concentration of soluble carbohydrates 
was nearly constant, of about 20, 78, 5 and 
4 mg g−1 DW for sucrose, fructan, glucose 
and fructose, respectively (Lattanzi et al. 

2012b). We analyzed tracer kinetics in indi-
vidual sugar pools (Fig. 8.6) with compart-
mental modeling taking into account the 
principles of carbohydrate metabolism in 
source leaves of C3 grasses (Pollock and 
Cairns 1991). Biological considerations and 
data analysis determined the following fea-
tures of a four-pool compartmental model 
(Fig. 8.4c):

 (i) Constant carbohydrate concentrations 
and environmental conditions suggested 
that the system was in a metabolic steady 
state, meaning that the rates of produc-
tion and consumption of individual sugar 
pools balanced each other. For instance, the 
rate of fructan synthesis equaled that of its 
degradation.

 (ii) The isotopic tracer entered the system in 
the form of sucrose (note that sucrose was 
the most rapidly labeled carbohydrate, 
Fig. 8.6) and was exported from the system 
also in the form of sucrose.

 (iii) Fructans were synthesized from sucrose by 
transfer of the fructose residue of a sucrose 
donor molecule onto a sucrose or fructan 
acceptor molecule and release of the glucose 
residue in each transfructosylation step.

 (iv) The rapid appearance of the tracer in fruc-
tose suggested that sucrose hydrolysis 
occurred and that its relative rate must have 
been large with respect to fructose release 
during fructan turn-over.

 (v) Fructan degradation/hydrolysis produced 
only fructose. With an average degree of 
polymerization of 20 (see Pavis et al. 2001), 
the complete hydrolysis of the molecule 
would result in the release of 19 fructose 
residues and one glucose residue. Therefore 
for simplicity, glucose release during fruc-
tan turn-over was neglected in the analysis.

 (vi) Fructan turn-over in the steady state pro-
duces equal amounts of fructose and glu-
cose (that is, glucose is released during the 
consumption of sucrose during fructan 
polymerization while fructose is released 
during fructan hydrolysis).
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 (vii) All fructose and glucose produced by inver-
tase, fructosyltransferases and fructan exo-
hydrolase were used in the re-synthesis of 
sucrose.

It was further concluded that vacuolar 
sucrose storage was insignificant. If sucrose 
storage was significant, it should have mani-
fested itself by a tri-phasic labeling kinetics, 
reflecting (1) sucrose synthesis from current 
assimilation, (2) sucrose re-synthesis from 
fructose originating from fructan break-
down, and (3) sucrose transport into the vac-
uole. Here, phases (1) and (2) were visible 
along tracer kinetics (and evidenced by mod-
eling), but phase (3) was not apparent, sug-
gesting that if present, vacuolar sucrose was 
a negligible component.

The statistical analysis identified the 
four- pool model shown in Fig. 8.4c as being 
the simplest biologically relevant and unbi-
ased representation of the complexity of 
tracer kinetics of the different sugars in this 
system (R2 = 0.97). The results of the analy-

sis revealed that half-lives of glucose and 
fructose were short and similar (0.3–0.4 h), 
about one half that of sucrose (0.8 h), while 
the fructan pool had a half-life of about 
27 h. The results further indicated a parti-
tioning of sucrose between export (24% of 
total sucrose flux), sucrose hydrolysis 
(56%) and fructan synthesis (20%). This 
means that a futile cycle involving sucrose 
occurred in the leaf, whereby the carbon 
flux through sucrose hydrolysis and fructan 
synthesis and degradation, followed by 
sucrose re-synthesis, was about three times 
larger than the carbon flux in sucrose export 
to sink tissue.

VII. Assessing the Chemical Identity 
of Substrate Pools Feeding 
Respiration

The two studies described above are ideal to 
discuss whether water-soluble carbohydrates 
in source leaves (Figs. 8.4c and 8.6) repre-

Fig. 8.6. Tracer kinetics in leaf carbohydrates: time course of tracer content in sucrose (open circles), fructan 
(filled squares), glucose (filled triangles) and fructose (open triangles) in young, mature source leaves of Lolium 
perenne growing under constant conditions with continuous light and ample nutrient supply (Adapted from 
Lattanzi et al. 2012b). Data plotted here are the kinetics in the first 24 h (a) and 300 h of dynamic labeling (b). 
Plants were labeled using the same protocols as in Fig. 8.5. Water-soluble carbohydrates were extracted, sepa-
rated preparatively by high-performance liquid chromatography and the δ13C in individual sugars determined by 
isotope-ratio mass spectrometry. Lines indicate the tracer content of the individual sugar pools as predicted by 
the compartmental model shown in Fig. 8.4c
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sent the primary substrate for shoot respira-
tion in perennial ryegrass (Figs. 8.4b and 
8.5). In particular, did the leaf fructan pool 
correspond to the stored material supporting 
respiration (Cstore in Fig. 8.4b)? To answer 
this question, we compared modeled tracer 
kinetics of shoot-respired CO2 (flab in evolved 
CO2 predicted by the three-pool model in 
Fig. 8.4b) with flab in leaf sucrose (Fig. 8.7). 
In doing so, we implicitly assume that (i) 
essentially all substrates supporting shoot 
respiration are derived from sucrose, (ii) 
sucrose is immediately available for respira-
tory metabolism (that is, the time needed for 
transport to CO2-producing tissues or sub-
cellular compartments is sufficiently short), 
(iii) labeling kinetics in leaf blades shown in 
Fig. 8.6 is representative for the whole shoot, 
and (iv) the impact of fructan metabolism 
(storage and remobilization) on respiration 
is reflected in sucrose tracer kinetics.

The comparison shows that sucrose was 
labeled more rapidly than respired CO2 
except in the first few hours. After that, flab of 
sucrose was ~0.2 higher than that of respira-
tion. The same was true for the weighted 
average flab in sucrose + glucose + fructose 

(which was very similar to that of sucrose). 
The half-life of the fructan pool and of the 
store (Cstore in Fig. 8.4b) was rather similar 
(27 h versus 33 h), indicating that the fructan 
pool was probably an important component 
of the substrate supply system of respiration. 
The partial discrepancy between labeling 
kinetics in respired CO2 and sucrose 
(Fig. 8.7) may be related to improper 
assumptions or to the contribution of other, 
slowly labeled substrate pools supplying 
shoot respiration. For instance, leaf sheaths 
are less photosynthetically active than leaf 
blades but are known to accumulate signifi-
cant concentrations of fructan (Borland and 
Farrar 1985). Fructan turn-over in that tissue 
could certainly increase the contribution of 
the store and hence, slow down tracer kinet-
ics in respired CO2 as compared to sucrose 
(Fig. 8.7). In addition, proteins may be used 
as a substrate for respiration (cf. ap Rees 
1980; Araujo et al. 2011). Thus carbon skel-
etons released during the turn-over of pro-
teins (Lea and Ireland 1999), which have a 
half-life in the order of several days (Simpson 
et al. 1981; Dungey and Davies 1982), could 
also contribute to explaining the disparity 

Fig. 8.7. Labeling kinetics in leaf sucrose in Lolium perenne (Adapted from Lattanzi et al. 2012b) for the first 
24 h (a) and 300 h of dynamic labeling (b). The solid line shows the model prediction (according to Figs. 8.4b 
and 8.5) for the fraction of labeled carbon (flab) in shoot-respired CO2 (Adapted from Lehmeier et al. 2008). 
Carbohydrates were extracted from the blade of the youngest fully expanded leaf as explained in the legend of 
Fig. 8.6. Error bars denote SE (n = 2)
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between flab in sucrose and respired CO2 at 
longer labeling times (Fig. 8.7). In fact, 
Lehmeier et al. (2008) observed that if the 
compartmental model was forced to split 
Cstore (Fig. 8.4b, with a half-life of 33 h and a 
contribution of ~53% to respiration) into two 
pools, a pool with a half-life of ~4 d contrib-
uted to ~10% of respiration, while the other 
pool had a half-life of ~20 h and contributed 
to ~40% of respiration.

VIII.  Synthesis

This chapter shows that quantitative carbon 
isotope labeling experiments in conjunction 
with compartmental modeling are powerful 
tools for assessing fundamental characteris-
tics of the substrate supply system of respira-
tion, including estimations of the size and 
turn-over of kinetically distinct pools and 
their fractional contribution to respiration. 
This approach can be applied to individual 
plant parts, whole plants, communities or 
ecosystems.

Investigations with perennial ryegrass 
have shown that the size of the respiratory 
substrate supply system may account for 
more than 20% of total plant biomass and 
that it included storage pools (probably 
mainly in the form of fructans) with half- 
lives up to more than 10 days (Lehmeier 
et al. 2010b). The size of the respiratory sub-
strate supply system taken as a whole was 
equivalent to the amount of carbon respired 
in more than 2 weeks in this species. From a 
physiological perspective, this means that 
respiratory pools contained enough substrate 
to compensate well for an imbalance between 
photosynthetic activity and respiratory 
demand (at least under certain conditions). 
Moreover, Lötscher et al. (2004) suggested 
that stored substrates were particularly 
important in sustaining basic energy demands 
of plants. In experiments with the forage 
legume alfalfa, these authors found that 

energy requirements to build new biomass 
(i.e., growth respiration) were mainly met by 
products of current photosynthesis, while 
stored substrate from earlier photosynthetic 
activity was primarily used for maintenance 
respiration, that is, to maintain existing bio-
mass in a functional and healthy state 
(Fig. 10 in their work). Also, the carbon- 
starvation question of tree mortality 
(McDowell et al. 2008, 2013; Körner 2003; 
Sala 2009) may well be related to features of 
the respiratory substrate supply system such 
as the depletion in stored substrates, but this 
remains to be investigated further. 
Experimental variations in growth condi-
tions have shown a remarkable flexibility of 
plants to adjust the size of, and the flux 
through, the storage pool of respiration. 
However, such changes in the substrate sup-
ply system for respiration appeared to have 
had no significant effect on plant carbon use 
efficiency (Lehmeier et al. 2010a). Thus, the 
maintenance of large carbon stores for respi-
ration did not seem to cause significant met-
abolic costs or to represent a net carbon gain.

As stated above, labeling and compart-
mental modeling can not only provide quali-
tative information (architecture and 
connection between pools) but also give 
insights into plant resource allocation and 
source-sink relationships. As such, they are 
not intended to be restricted to carbon iso-
topes and can be extended to other elements 
like nitrogen (Fentem et al. 1983; Lattanzi 
et al. 2005; Lehmeier et al. 2013) which is 
energetically costly to assimilate (e.g. 
Johnson 1990). Nevertheless, the proper 
exploitation of other isotopic tracers (such as 
15N) has the same requirements as for 13C: (i) 
the tracer experiment must be quantitative, 
that is, the isotopic composition of the tracer 
in the different phases of pulse-chase (or 
dynamic labeling) should be constant and 
known, and (ii) the constraints and assump-
tions of compartmental modeling must be 
considered and followed.
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I.  Introduction

Currently, the most pressing problem 
regarding respiration in trees is determining 
the rate of respiration in woody tissues. In a 
Tansley Review published in New 
Phytologist in 2008 titled “Origin, fate and 
significance of CO2 in tree stems” we 
described the state of knowledge at that 
time (Teskey et al. 2008). In this chapter we 
will principally describe new research that 
has occurred on the topic of respiration in 
tree stems since then, and expand on the 
2008 review by discussing some additional 
topics that were not covered in that review, 
including root respiration, the use of 
recently produced and stored carbohydrates 
for metabolism, and the errors associated 
with using CO2 efflux from plant tissues as 
a measure of respiration. Compared with 
woody tissue respiration, much more is 
known about leaf respiration in trees. Leaf 
respiration in trees has been part of many 

recent comprehensive reviews (Atkin et al. 
2015; Slot and Kitajima 2015; VanderWel 
et al. 2015; Heskel et al. 2016), so in this 
chapter we will limit our discussion about 
leaves to the fixation of respired CO2 trans-
ported through the xylem from other parts 
of the tree.

Measurements of CO2 efflux from plants 
to the atmosphere have been the principal 
means for estimating the rate of respiration 
of tissues since the middle of the twentieth 
century. While it can be argued that the CO2 
efflux from a group of isolated cells does 
represent their respiration, this is not the 
case in situ because, as we will describe in 
this chapter, a large quantity of respired CO2 
dissolves in xylem sap and is transported 
internally through roots, stems, branches 
and leaves via the xylem stream. Some of 
that CO2 is refixed by photosynthesizing 
cells in woody tissues and leaves, and some 
diffuses into the atmosphere along the trans-
port pathway. Throughout this chapter, the 

Summary

Currently, the most pressing problem regarding respiration in trees is determining the rate of 
respiration in woody tissues. Respiration is relatively easily measured in isolated cells by 
measuring the evolution of CO2, but this measurement becomes much more complicated in 
intact tree roots, stems and branches because CO2 moves readily into xylem sap where it can 
remain, or be refixed by photosynthetic cells in woody tissues, or moved from the site of 
production through the xylem. Carbon dioxide is continuously diffusing from the xylem sap 
into the atmosphere as xylem sap moves through the tree. Fortunately, many research groups 
have been addressing these issues using a variety of experimental protocols. In this review 
we will examine the progress that has been made since 2008, the last time this topic was 
reviewed. One of the most important findings in that period of time has been that a large 
quantity of the CO2 found in tree stems can come from the root system. This means that root 
respiration can be substantially underestimated by “soil-centric” measurements. We discuss 
new methods to measure and model stem respiration and the use of recently produced car-
bohydrates for woody tissue respiration. We also discuss woody tissue photosynthesis and 
the quantity of CO2 that can be internally recycled within trees, a process that may be par-
ticularly important for tree survival during periods of drought but has received little atten-
tion. Finally, the research summarized in this chapter illustrates that, at the whole plant level, 
physiological activity involves both cellular and higher order transport processes that add a 
level of complexity to how we measure and interpret apparent respiration rates.
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CO2 concentration [CO2] measured within 
tree stems is reported in units of percent (%) 
or moles per liter (mol L−1). Values in % 
represent CO2 mole fraction in the gas phase 
in equilibrium with CO2 dissolved in xylem 
sap. Values in mol L−1 represent the total 
quantity of dissolved inorganic carbon 
(DIC) in xylem sap, which is generally in 
the form of CO2, carbonate and bicarbonate. 
Gaseous [CO2] is most commonly reported 
in the literature, but represents an underesti-
mation of the total quantity of DIC, espe-
cially at sap pH > pKa (≈ 6.3 at 25 °C) i.e. 
when most of DIC is present in the form of 
bicarbonate. The calculation of DIC requires 
estimates of both sap pH and temperature, 
which are less frequently measured 
(McGuire and Teskey 2004).

For all practical purposes we still know 
very little about respiration of woody tis-
sues in intact trees. This chapter will not 
focus on how environmental factors such as 
temperature, water, or nutrient availability 
affect root and stem respiration because we 
have little knowledge of these effects, and 
almost all existing information merely cor-
relates root and stem CO2 efflux with envi-
ronmental conditions. Instead we will focus 
on what we do know about woody tissue 
respiration and the pathways of CO2 move-
ment in trees, and identify critical research 
needs.

II.  Stem Respiration

A. Xylem CO2 Concentration, Xylem 
CO2 Transport and Stem CO2 Efflux

1. Monitoring Stem CO2 Efflux 
and CO2 Concentration

A number of advances have been made in 
our understanding of the quantity of inor-
ganic carbon found in stems because long- 
term measurements of stem CO2 

concentration ([CO2]) are now possible in 
situ through the placement of steady state 
non-dispersive infrared (NDIR) CO2 sensors 
into the xylem of trees. Almost all recent 
studies have adopted this technology because 
the sensors have stable calibration and can 
remain in stems for long periods of time. The 
longest record of stem [CO2] measurement 
to date is the study of Etzold et al. (2013). 
They measured stem [CO2] continuously 
near the base of two large Picea abies trees 
over a 19 month period. In the first year, ini-
tial stem [CO2] was 1–2% for 2 months but it 
rapidly rose to 9 and 10% at the beginning of 
the growing season, and then dropped rela-
tively steadily to about 4% in the dormant 
season. In the following year [CO2] was in 
the range of 3–6% for most of the year, and 
the sharp rise in [CO2] at the beginning of the 
growing season was not observed in the sec-
ond year. Throughout both years fluctuations 
in stem [CO2] happened regularly but the 
cause, or causes, of these fluctuations are not 
yet clear. The fluctuations were similar to 
patterns that have been observed in shorter 
term studies. Etzold et al. (2013) found a 
strong correlation between stem [CO2] and 
stem temperature when stem temperature 
was positive, and reported that mean daily 
stem [CO2] could be best explained by com-
binations of stem temperature, soil tempera-
ture, stem diameter growth and sap flow in 
separate models for different seasons and 
different years. Stem temperature was the 
most important factor, explaining over 80% 
of the seasonal variation in stem [CO2] for 
most of the study period. Stem [CO2] was 
also positively correlated with soil CO2 
efflux, suggesting a link between stem [CO2] 
and root metabolic activity. Also, as seen in 
previous studies, CO2 efflux from the stem 
was positively correlated with stem [CO2] 
(Teskey and McGuire 2005; Saveyn et al. 
2007). The Etzold et al. (2013) study demon-
strated that it was possible to measure stem 
[CO2] continuously for 1.5 years. However, 
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questions remained as to whether a delayed 
response to wounding, 2 months after sensor 
installation, could explain the sharp rise in 
stem [CO2] seen in the first year, which was 
not repeated in the second year, and whether 
CO2 exchange between the head space 
around the sensor and the xylem sap 
remained effective over long periods of time. 
While it is possible that a wound response 
occurred, careful examination of the data in 
Figs. 9.1a and 9.2c in Etzold et al. (2013) 
indicates that the peak in [CO2] in the first 
growing season was correlated with the larg-
est precipitation event of the entire 19-month 
period, and that many other peaks in [CO2] 
throughout the course of the study were cor-
related with precipitation events, leading to a 
potentially different explanation. This rela-
tionship was also reported in Saveyn et al. 
(2007) who observed peaks in [CO2] during 
two precipitation events over the course of a 
20-day field experiment on Populus deltoi-
des trees. They suggested that the cessation 
of transpiration during precipitation events 
reduced the dilution effect of water coming 
up from the soil and stopped the transport of 
respired CO2 upward from the site of mea-
surement, resulting in the buildup of CO2 in 
the stem. In addition, saturation of the bark 

with water may have impeded the diffusion 
of CO2 from stem to atmosphere. It would be 
useful to repeat the long-term study of Etzold 
et al. (2013) on tree species with tracheid, 
ring porous and diffuse porous xylem anat-
omy, and differences in bark roughness. 
However, it is likely that some species are 
better suited to this measurement approach 
than others. For example, we (R.O. Teskey, 
M.A. McGuire, and D.P. Aubrey, unpub-
lished observations, 2010–2014) have 
attempted, and failed, to measure stem [CO2] 
with NDIR sensors in Pinus taeda, a conifer 
with xylem resin ducts, because the holes 
made in the stems rapidly filled with resin, 
blocking all gas exchange with xylem sap 
and fouling the sensors.

Salomón et al. (2016) also made continu-
ous measurements of stem [CO2] from spring 
through autumn in a coppiced stand of 
Quercus pyrenaica, a sub-Mediterranean 
oak species. The seasonal pattern had simi-
larities, and differences, from that reported 
by Etzold et al. (2013). The principal simi-
larity was that seasonal and weekly variation 
in stem [CO2] was clearly apparent. The 
main differences were that the peak stem 
[CO2] occurred in late summer and autumn, 
and mean stem [CO2] was generally less than 
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Fig. 9.1. (a) Variation in the thickness of heartwood, sapwood, cambium, phloem and outerbark with height 
in a 16 m tall Pinus sylvestris tree; (b) Ratio of stem CO2 efflux to the atmosphere to CO2 production from local 
cells (actual respiration) at different stem heights of the same tree. F is a scaling factor denoting the relative ratio 
of the rate of diffusion of CO2 compared to the rate of CO2 transport in xylem sap in the stem. A value higher 
than 1 indicates a faster rate of diffusion than CO2 transport in sap. (Redrawn from Figures 1 and 2 in Hölttä and 
Kolari 2009)
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1 or 2%, which was the lowest reported in 
any tree species using the NDIR technique. 
This study demonstrated that not all tree spe-
cies have high stem [CO2]. While 1 to 2% is 
still substantially greater than atmospheric 
[CO2] of 0.04%, the amount of CO2 that 
remained in the stems of these trees was only 
a few percent of the total quantity of CO2 
released by respiration of cells in the stem. 
Comparing the two studies suggests that 
some species have inherently greater stem 
[CO2] than others. Traits of species with high 
stem [CO2] are likely to include high xylem 

sap pH, bark that forms a substantial barrier 
to CO2 diffusion, and many respiring ray and 
parenchyma cells in the xylem. However, 
species may have low stem [CO2] with those 
traits if they also have plentiful photosynthe-
sizing cells in stems, branches, and twigs 
that rapidly and effectively refix the CO2 dis-
solved in xylem sap.

2. CO2 Efflux and Physical Attributes 
of Stems

Substantially higher [CO2] in all measured 
tree stems compared to atmospheric [CO2] is 
a clear indication that some CO2 released by 
respiring cells is prevented or delayed from 
diffusing into the atmosphere. The locations 
of that resistance to diffusion of CO2 in 
woody tissues are still unclear. It is becom-
ing apparent that diffusional resistance dif-
fers substantially among species. For 
example, the low [CO2] in stems of Quercus 
pyrenaica (Salomón et al. 2016) contrasts 
sharply with the high [CO2] in stems of 
Populus deltoides (Aubrey and Teskey 
2009). While at this point we can acknowl-
edge the ubiquitous existence of inorganic 
carbon in xylem sap, our ability to quantify 
how it relates to respiration is still develop-
ing. Several factors simultaneously affect 
how CO2 in xylem sap relates to woody tis-
sue respiration, and serve to illustrate how 
measurements of respiration of individual 
tissues in isolation cannot be used to make 
meaningful estimates in situ. Carbon dioxide 
is constantly diffusing from respiring cells, 
and a portion of that CO2 is constantly dif-
fusing into the atmosphere. Angert et al. 
(2012) simultaneously measured the efflux 
of CO2 from stems to the atmosphere and the 
influx of O2 from the atmosphere into stems 
and calculated an apparent respiratory quo-
tient (ARQ; i.e. CO2 released/O2 consumed). 
The ARQ was always substantially lower 
than 1.0, which would be the expected value 
if carbohydrates were the substrate for respi-
ration. The low ARQ was interpreted as an 
indication that about 35% of the CO2 released 

Fig. 9.2. Mean diel patterns of (a) actual stem respi-
ration (Rs), CO2 efflux to the atmosphere (EA[CO2]s), 
internal CO2 transport in the xylem (JT) and xylem 
CO2 storage flux (ΔS); (b) xylem sap flux and the con-
centration of CO2 in the xylem ([CO2]s); and (c) stem 
and air temperatures in five Platanus occidentalis trees 
(from Figure 3 in Teskey and McGuire 2007)

9 Respiration in Trees



186

from respiring cells remained in the stem 
rather than diffusing into the atmosphere. 
The ARQ differed with season, and was 
higher in the wet season (mean ARQ 0.73) 
than in the dry season (mean ARQ 0.65), 
perhaps because with higher water status 
there were higher rates of respiration of 
 living cells near the stem surface (cambium, 
phloem, developing xylem and inner bark), 
or a higher quantity of metabolically active 
cells in that portion of the stem at that time 
contributing to CO2 efflux. Additionally, pre-
cipitation, which increases diffusional resis-
tance from the stem, may have contributed to 
a higher [CO2] in the xylem at that time as 
well. It is also notable that Angert et al. 
(2012) found substantial variation in ARQ, 
stem [CO2], and stem [O2] among and within 
the three species measured. As was the case 
with the variation in stem [CO2] observed in 
the Etzold et al. (2013) and Salomón et al. 
(2016) studies, the causes of this variation 
remain unidentified.

The relationship between sap flow and 
stem CO2 efflux has been examined in sev-
eral recent studies. Kunert and Edinger 
(2015) observed an increase in stem CO2 
efflux that related to sap flow in mango trees 
(Mangifera indica). On several days when 
transpiration exhibited a normal diel pattern, 
stem CO2 efflux also showed a clear diel pat-
tern, with much higher values during the day 
than at night. The maximum stem CO2 efflux 
occurred at approximately the same time that 
sap flow peaked. When the crowns of the 
trees were removed, stopping transpiration 
and hence sap flow, the diel pattern in stem 
CO2 efflux disappeared, suggesting that CO2 
which originated lower in the stem below the 
measurement site or in the root system was 
transported in xylem sap to the location of 
the CO2 efflux cuvettes (1.3 m from the base 
of the stem). However, Bužková et al. (2015) 
found that stem CO2 efflux decreased in 
Picea abies trees when the trees were trans-
piring, perhaps due to low stem turgor pres-
sure as observed by Saveyn et al. (2007). 
Whether CO2 efflux increases when xylem 

sap is flowing, as Kunert and Edinger (2015) 
observed, or decreases as Bužková et al. 
(2015) observed, will depend on the [CO2] of 
the xylem sap, the rate of sap flow, the water 
status of the living cells, stem temperature, 
sap pH, the contributions of various tissues 
to the [CO2] of xylem sap, and the resistances 
and distances in the diffusion pathway to the 
atmosphere. A decrease in CO2 efflux when 
xylem sap is flowing is as feasible as an 
increase in CO2 efflux due to the combina-
tion of other factors affecting efflux. At this 
time, there have not been enough studies to 
determine which the most likely scenario is.

3.  Biological Control of CO2 Efflux

Variation in stem CO2 efflux has been the 
focus of a number of recent studies. 
Rodríguez-Calcerrada et al. (2015) found a 
positive correlation between stem CO2 efflux 
and both the percentage of living paren-
chyma cells in the sapwood and the concen-
tration of non-structural carbohydrates in six 
deciduous tree species growing in a mixed 
species forest. They also found that within a 
species, sapwood depth was positively cor-
related with stem CO2 efflux. They con-
cluded that the availability of respiratory 
substrates, sapwood depth, quantity of living 
cells in the sapwood, and the activity of those 
cells accounted for variation in stem CO2 
efflux. The species in the study of Rodríguez- 
Calcerrada et al. (2015) were from two fami-
lies, Rosaceae and Fagaceae. They noted 
that the parenchyma cells of the species of 
Rosaceae respired at twice the rate as those 
of Fagaceae, but because the Fagaceae spe-
cies had twice the volume of parenchyma 
cells as the Rosaceae species, respiration on 
a sapwood area or volume basis was similar 
in both families.

Unfortunately little progress has been 
made in quantifying woody tissue respira-
tion and its variation among species, tissue 
types, diameter or height. Some studies still 
directly equate stem CO2 efflux to stem res-
piration, and soil CO2 efflux with soil respi-
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ration (for example Mildner et al. 2015), or 
use the terms “respiration” and “CO2 efflux” 
interchangeably within a publication (for 
example Bužková et al. 2015). The confla-
tion of respiration and efflux is unfortunate 
as it obfuscates the meaning of the literature 
and lessens our ability to understand woody 
tissue respiration in situ. The efflux of CO2 
from soil, roots, stems, branches and leaves 
has importance to carbon cycles at local, 
regional and global scales, but they are 
fluxes that are not directly equivalent to the 
biological process of respiration in specific 
tissues. It has been suggested that measuring 
stem CO2 efflux at night when sap is not 
flowing is a way to use CO2 efflux as a direct 
measure of respiration. While this does 
avoid the problems of CO2 delivered to the 
point of measurement from lower in the 
stem or from belowground, it cannot distin-
guish the diffusion of CO2 stored in the 
xylem from that currently released by local 
respiring cells. For example, consider the 
situation where a higher concentration of 
CO2 was present in the xylem sap entering 
the stem from the root system. As it moves 
upward, some of the CO2 diffuses out of the 
stem, but [CO2] in the xylem remains high 
even at night when the flow is smaller than 
in the light (McGuire and Teskey 2004; 
Teskey and McGuire 2007; Saveyn et al. 
2008). During the growing season, it always 
remains within the percent range, and never 
approaches atmospheric [CO2]. This means 
that CO2 transported from roots during the 
day would still contribute to CO2 efflux 
from the stem at night, and would result in 
an overestimate of the rate of respiration of 
the local tissue.

Even if there were no transported CO2 
present in the xylem, which appears to be 
biologically impossible, CO2 in the xylem, 
contributed by local respiration, could still 
be retained in the stem and cause an increase 
in [CO2], which means that measured CO2 
efflux would not account for all CO2 released 
by locally respiring cells. In that case there 
would be an underestimate of the actual rate 

of respiration. Also consider that the quantity 
of CO2 that can remain dissolved in xylem 
sap increases as xylem temperature 
decreases. As the stem cools at night, addi-
tional CO2 can dissolve in xylem sap, further 
reducing CO2 efflux to the atmosphere.

The large differences in stem [CO2] 
among species lead us to speculate that resis-
tance to radial diffusion through the xylem to 
the atmosphere differs among species. 
Steppe et al. (2007) reported that resistance 
to radial diffusion differed 6-fold among 
individuals of the same species, so we have 
reason to assume that there could be similar 
variability among individual trees of other 
species. However, resistance to radial diffu-
sion of CO2 and other gasses in tree stems 
remains largely unmeasured and is a subject 
that deserves attention. Differing resistance 
to radial diffusion in stems of different spe-
cies, or among different sized individuals of 
the same species, or among different sized 
tissues within the same individual could 
mean that comparisons of their tissue CO2 
efflux may just reflect artifacts of physical 
processes and not necessarily underlying 
physiological activity.

4.  Modeling CO2 Efflux

Hölttä and Kolari (2009) developed a model 
to describe changes in stem CO2 efflux at 
various heights along the stem of a Pinus syl-
vestris tree. Their model explored how the 
relationship between stem respiration and 
CO2 efflux could change with tree height, 
depending on the CO2 concentration gradi-
ent and the diffusion resistance from stem to 
atmosphere, which, in turn, varies with tis-
sue type, temperature, and air and water con-
tent of the stem. Internal CO2 transport, or 
advection of CO2 in xylem sap, is another 
key factor, and it depends on sap temperature 
and pH following Henry’s law, and sap flow 
rate. The thickness of the heartwood, sap-
wood, phloem and bark also changes with 
tree height (Fig. 9.1a). Only five percent of 
the sapwood was assumed to have living 
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cells, but because of the large amount of 
sapwood relative to cambium and phloem, 
the sapwood represented a substantial pro-
portion of the living cells in the stem. To 
date, this is the only model of woody tissue 
respiration that explicitly incorporated CO2 
transport in the xylem or examined how 
internal stem [CO2] and CO2 efflux could 
vary with stem height. However, the infor-
mation needed to fully describe the compli-
cated processes involved is very limited so 
the model contains many assumptions and 
simplifications. For example, in the model 
radial diffusion of CO2 (Diff) at tree height 
(where the radius is denoted as Xr) was con-
sidered to be simply proportional to the dif-
fusion coefficient (D) divided by the squared 
diffusion distance:

 
Diff

D

Xr

∝
2  

(9.1)

Advection of CO2 in the xylem (a) was 
considered to be simply proportional to sap 
flux density (v) divided by distance (tree 
length, L):

 
a

v

L
∝  (9.2)

Then these terms were combined together 
into a scaling factor (F) that provided an 
index of how changes in many factors could 
simultaneously change the ratio of CO2 
efflux to CO2 production:

 
F

Diff

a

DL

vXr

= ∝
2  

(9.3)

At this stage, it should be noted that Eq. 
(9.1) does not integrate the internal-to- 
external CO2 gradient (thus the net CO2 dif-
fusive flux is given by Diff multiplied by 
the gradient). In Eq. (9.2), sap flow density 
v may include hydrostatic pressure gradi-

ent, sap viscosity and stem radius (as would 
be expected from Poiseuille’s law) and the 
advective CO2 flux is given by a multiplied 
by stem [CO2]. Thus, F described by 
Eq. 9.3 is considerably simplified, since it 
does not include all of the intrinsic param-
eters relevant to the physics of CO2 fluxes. 
Also note that a doubling of the diffusion 
coefficient D doubles F, and doubling v 
reduces F by half. Additional assumptions 
included that the respiration rate (CO2 pro-
duction) at 10 °C was assumed to be 
0.019 mmol m3 s−1 in sapwood and 
0.19 mmol m3 s−1 in cambium and phloem, 
which were based on measured values in 
Pinus sylvestris trees; the change in the 
rate of respiration per 10 °C change in tem-
perature (Q10) was assumed to be 2.5; for 
the “base case” where F = 1, the diffusion 
coefficient was assumed to be 1.25 
10−9 m2 s−1 which is half of the diffusion 
coefficient for CO2 in water; and the stem 
was assumed to consist of 50% water, 35% 
wood and 15% air. These simplifications 
and assumptions highlight some of the 
knowledge gaps that exist regarding impor-
tant processes controlling CO2 fluxes in 
trees. Even with our limited knowledge of 
these processes, the model revealed several 
interesting relationships between tree mor-
phology, respiration, internal CO2 transport 
and CO2 efflux.

When F = 1, the ratio of CO2 efflux to CO2 
production was <1 up to about 75% of total 
tree height (Fig. 9.1b). This meant that more 
CO2 remained in the stem than diffused into 
the atmosphere along the length of the stem 
until well within the tree crown (Fig. 9.1b). 
At greater tree heights (between 0.75 and 1.0 
relative tree length), more CO2 diffused from 
the stem than was locally produced. This 
demonstrated that CO2 efflux underestimated 
the actual rate of stem respiration between 0 
and 0.75 relative tree height, and overesti-
mated it at relative tree height > 0.75. Also 
note that the error of those estimates changed 
along the stem. The greatest disparity 
between CO2 efflux and the actual rate of 
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respiration was near the base of the stem and 
near the top of the stem, where it was under- 
and overestimated by approximately 80% 
and 70%, respectively. When F increased to 
2, which could occur if the diffusion coeffi-
cient doubled, or sap velocity was halved, 
then the ratio of CO2 efflux to CO2 produc-
tion followed a very similar pattern, but the 
ratio was slightly closer to unity than when 
F = 1. In a scenario where sap flow was very 
low or the stem was very porous to CO2, rep-
resented by F = 10, the ratio of CO2 efflux to 
CO2 production was still less than unity 
below the tree crown and higher than unity 
within the tree crown. In scenarios where F 
was assumed to be less than 1 (F = 0.5 and 
F = 0.1), which could occur if sap flow was 
high or if the stem had very substantial barri-
ers to diffusion of CO2, then the amount of 
CO2 that remained in the stem increased over 
the base case (F = 1) until well within the 
tree crown. There are many instances when 
there will be high sap flux density, for exam-
ple when soils are near field capacity or 
when vapor pressure deficit and light level 
are high. We also suspect that some species 
have very high resistance to radial diffusion 
because their stem [CO2] is so much higher 
than the atmospheric [CO2] (e.g. 20% [CO2] 
in Populus deltoides stems, Aubrey and 
Teskey 2009). However, within a tree, the 
diffusion coefficient in the stem is likely not 
constant and it could decrease as bark thick-
ness increases or could increase as stem 
water potential decreases. This model indi-
cates that there is only one point along the 
stem where CO2 efflux correctly estimates 
stem respiration. However, this point 
changes with changing conditions and spe-
cies, so in practice it would never be possible 
to predict where that point is located on the 
stem. Perhaps more importantly, since the 
vast majority of stem CO2 efflux measure-
ments are made in the lower 2 meters of the 
stem, the model demonstrated that under all 
conditions (F = 0.1 to 10), CO2 efflux at that 
height greatly underestimates stem respira-
tion in most instances. The model also pre-

dicts that stem [CO2] changes with tree 
height until the ratio of CO2 efflux to CO2 
production from local respiration exceeds 
unity and then stem [CO2] will begin to 
decrease because a greater amount of CO2 is 
diffusing from the stem. For the base case 
(F = 1) the model predicted that 8% of the 
CO2 released by respiring cells in the stem 
enters leaves. For the scenarios of F = 0.1, 
0.5, 2 and 10, the amount of CO2 transported 
through stems to leaves was predicted to be 
44, 12, 2 and 1%, respectively, of that 
released by respiring cells in the stem, indi-
cating the potential for fixation of xylem- 
transported CO2 in leaves of trees under 
some circumstances. The authors estimated 
that the amount of CO2 carried in the xylem 
is of the same order of magnitude as that dif-
fusing to the atmosphere, which is consistent 
with measured values for other tree species 
(Teskey and McGuire 2007).

There are several important components 
of the Hölttä and Kolari (2009) model that 
may vary substantially with species and sea-
son and which could greatly influence the 
quantity of CO2 moving through the xylem. 
The diffusion coefficient of CO2 through the 
xylem, cambium, phloem and bark is one 
such component that has only rarely been 
estimated. Steppe et al. (2007) estimated 
resistance to radial CO2 diffusion from the 
stem (R):

 
R

EA

=
[ ]∆ CO2

 
(9.4)

where Δ[CO2] is the difference between 
stem and atmospheric [CO2] and EA is the 
efflux of CO2 from stem to the atmosphere. 
They reported that R varied substantially 
among individuals of the same species. We 
speculate that it will also vary substantially 
among species and with stage of develop-
ment and tree size. Sorz and Hietz (2006) 
measured the diffusion coefficient of oxygen 
into stem segments and found that it varied 
with the gas content of the stem and was 
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lower than the diffusion coefficient in water 
alone, indicating that there are substantial 
barriers to gas diffusion in stems. Resistance 
to gas diffusion in woody tissues is an under- 
researched topic that is likely to provide 
important insights into our understanding of 
the behavior of gases in tree stems and roots.

Another important factor determining the 
amount of CO2 in tree stems is the volume of 
living cells in xylem and their rate of respira-
tion (Rodríguez-Calcerrada et al. 2015). In 
the Hölttä and Kolari (2009) model, 5% of 
the sapwood was assumed to be living cells. 
That is a realistic value for pines, but in hard-
woods the amount of living cells in the sap-
wood can be much greater (Metcalfe and 
Chalk 1983). The living cells in sapwood 
may be the most important source of CO2 in 
xylem sap, although this is a topic that has 
not been studied. We also know that the con-
centration of oxygen in the xylem varies 
with depth and over time, but its effect on  
the rate of respiration in the xylem has also 
been understudied and remains poorly 
understood.

B.  Measuring Stem Respiration

Stem respiration (RS) can be determined by 
measuring both the CO2 efflux from the 
stem and the internal flux of CO2 in the stem. 
McGuire and Teskey (2004) proposed a 
mass balance approach that accounts for all 
of the CO2 released by respiring cells in a 
portion of a tree stem by the efflux of CO2 
into the atmosphere (EA), the net xylem-
transport flux (JT) of total dissolved inor-
ganic carbon (CO2*), which includes 
dissolved carbon dioxide as well as carbon-
ate and bicarbonate, and the storage flux 
(DIC build-up rate ΔS), which is the change 
in the quantity of CO2 remaining in the stem 
segment over time. Therefore, in the 
steady-state:

 R E J SS A T= + + ∆  (9.5)

Efflux to the atmosphere is obtained by 
gas exchange as:

 
E

f

VA
A= [ ]∆ CO2  

(9.6)

where fA is the rate of air flow through a 
cuvette surrounding the stem segment, V is 
sapwood volume of the segment and Δ[CO2] 
is the difference between [CO2] in air flow-
ing into and out of the cuvette.

Net advective transport flux (JT) is simply 
the difference between outflux and influx of 
DIC flow in the stem volume considered. 
Thus, it may be calculated as:

 
J

f

VT
S=  

∗∆ CO2  
(9.7)

where fS is the sap flow through the segment, 
Δ[CO2*] is the difference in total dissolved 
inorganic carbon measured above and below 
the cuvette.

DIC build-up (ΔS) is calculated as:

 
∆S

t t
Lt t=

  −  
−

∗ ∗CO CO2 1 2 0

1 0  
(9.8)

where CO2
1

∗



 t

 and CO2
0

∗



 t

 are the means of 

CO2* at time t1 and t0, respectively, and L is 
the amount of water (in liters) in the stem 
segment. Measurements of JT and ΔS require 
continuous measurement of stem [CO2] 
above and below the cuvette as well as mea-
surements of sap pH and temperature. 
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Measurements of EA are made using a cuvette 
that wraps around the entire stem segment so 
that all CO2 diffusing into the atmosphere 
from that portion of the stem is measured. 
Additional information about measuring RS 
using this approach can be found in McGuire 
and Teskey (2004).

Diurnal dynamics of these processes are 
illustrated by measurements of those fluxes 
over a 24 h period in a Platanus occidentalis 
tree (Fig. 9.2). At night, between the hours of 
00:00 and 04:00, mean stem respiration was 
44.1 μmol m−3 s−1, which was mostly 
accounted for by stem CO2 efflux due to res-
piration from local cells (38.8 μmol m−3 s−1), 
with a small component of the respired CO2 
remaining within the stem (5.3 μmol m−3 s−1). 
The actual mean CO2 efflux from the stem 
during that time period was 72.1 μmol 
m−3 s−1 (Teskey and McGuire 2007; data not 
shown in graph) due to a combination of 
CO2 produced from local cell respiration and 
CO2 diffusing out of the xylem that had been 
transported there previously. Stem respira-
tion peaked in late afternoon (16:00 to 20:00) 
and by that time the patterns of CO2 move-
ment within and out of the stem had changed 
substantially. Mean stem respiration was 
now 78.1 μmol m−3 s−1, and only 53% of that 
was accounted for by stem CO2 efflux. Most 
of the remaining CO2 respired from local 
cells (42%) had been transported away from 
the site of production in the xylem and the 
remaining 5% stayed in the stem near the site 
of production. We conclude from this and 
several similar studies that CO2 efflux to the 
atmosphere is not an accurate way to esti-
mate woody tissue respiration at any time.

C. The Use of Recently Produced 
Carbohydrates for Stem Metabolism

Environmental regulation of stem respira-
tion, particularly by temperature, has been 
the emphasis of many studies. Plant ecophys-
iology in general has focused on how plants 
respond to environmental and soil conditions. 

This focus may have inadvertently placed an 
emphasis on external regulation of stem res-
piration at the expense of internal processes. 
For example, it is now apparent that many 
tree species have the ability to acclimate rap-
idly to changing temperature such that the 
Q10 of maintenance respiration increases 
when temperature is low and decreases when 
it is high (Atkin and Tjoelker 2003; 
VanderWel et al. 2015) which results in little 
variation in respiration at different growth 
temperatures. While there is still an increase 
in the instantaneous rate of respiration with 
increasing temperature, up to a species-spe-
cific maximum, temperature acclimation at 
the cellular level has a strong effect on the 
amount of carbohydrates used for mainte-
nance respiration, so that respiration over 
weeks, months or seasons cannot be accu-
rately predicted by a single temperature 
response curve generated for that tissue.

It has also become more evident in recent 
years that another internal factor, the quan-
tity of recently produced carbohydrates 
moving in the phloem, can also significantly 
affect the rate of respiration of stem tissues. 
Three experimental approaches have pro-
vided evidence for the role of current photo-
synthate in stem respiration; 13CO2 canopy 
pulse labeling, manipulating the rate of pho-
tosynthesis, and stem girdling. The most 
direct evidence for the use of current photo-
synthate for at least some metabolism in 
stems comes from 13CO2 pulse labeling of 
photosynthate. Although canopy 13CO2 pulse 
labeling has been used many times to study 
belowground processes in forests, it has been 
less frequently used to investigate stem res-
piration (Epron et al. 2012). Dannoura et al. 
(2011) labeled whole crowns of 8 to 10 m 
tall Fagus sylvatica, Quercus petraea and 
Pinus pinaster trees growing together on the 
same site and measured the efflux of CO2 
from the stems at different heights with a 
tunable diode laser absorption spectrometer. 
They reported that the label first appeared at 
the base of the live crown and then at pro-
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gressively lower points on the stem. There 
were differences in the time lags of 13C 
detection along the stem, and the seasonal 
patterns in the quantity detected at the base 
of the live crown and near the soil surface 
differed among the species. However, the 
increase in 13C of stem CO2 efflux shortly 
after pulse labeling the canopy indicated that 
recently produced photosynthate was being 
used as substrate for stem metabolism in all 
three species. Kuptz et al. (2011) pulse- 
labeled crowns of large (60–70 years old and 
over 26 m tall) Fagus sylvatica and Picea 
abies trees with 13C in spring, early summer, 
and late summer. They also reported distinct 
species differences in the use of recent pho-
tosynthate in both species. The Fagus syl-
vatica trees had much more 13C label in stem 
CO2 efflux in late summer than in spring or 
early summer. This pattern was the same in 
upper and lower trunk sampling positions, 
but more 13C was recovered in the upper 
position. In the spring, 13CO2 accounted for 
25% and 20% of the CO2 efflux in the upper 
and lower stem positions, respectively, while 
in later summer that increased to 60 and 
50%. This result indicated that recently pro-
duced photosynthate represented only a por-
tion of the carbohydrates used for stem 
metabolism, and that the use of recent photo-
synthates varied seasonally, probably reflect-
ing changes in tissue sink strength. In 
contrast, in Picea abies trees, about 25% of 
CO2 efflux was labeled and there was no sea-
sonal variation, indicating a much greater 
reliance on stored carbohydrates in that spe-
cies for stem metabolism, compared with 
Fagus sylvatica growing on the same site.

Changing the availability of carbohy-
drates in the phloem has also offered insights 
into the use of recent photosynthate for stem 
respiration. When net photosynthesis was 
reduced by shading in Populus deltoides 
saplings, stem CO2 efflux was substantially 
reduced the next day (Wertin and Teskey 
2008). Over the next 5 days that reduction 
averaged 78% compared with stem CO2 

efflux in high light conditions. Similarly 
when net photosynthesis was stimulated by 
exposure to elevated atmospheric [CO2] 
(1500 μmol mol−1), stem CO2 efflux 
increased by 130% on average across a 5 day 
period compared with that in ambient [CO2] 
(375 μmol mol−1). Both examples are evi-
dence of close coupling between recently 
produced photosynthate and stem metabo-
lism. The large and rapid changes in stem 
CO2 efflux in response to changes in canopy 
photosynthesis observed in this study may 
reflect a higher dependence on current pho-
tosynthate for all metabolic processes in 
young trees than in older ones.

In another study, Yang et al. (2015) pruned 
branches of Cunninghamia lanceolata trees 
growing in a plantation. The lower 50% of 
branches in the live crown was removed in 
this process, which had the effect of reduc-
ing canopy photosynthesis and transpiration. 
They measured stem CO2 efflux and found 
that it was reduced by about 14% after the 
pruning treatment, indicating an influence of 
canopy physiological processes on metabo-
lism in the stem.

More extreme examples of changes in the 
availability of recent photosynthate are pro-
vided by stem girdling studies. Girdling is a 
technique in which a cut is made around the 
entire circumference of a tree stem severing 
the phloem. The girdle prevents carbohy-
drate movement in the phloem below its 
location on the stem, while above that point 
phloem-transported carbohydrates accumu-
late (Daudet et al. 2005). In Pinus koraien-
sis, girdling caused stem CO2 efflux to be 1.2 
to 2.8 times greater above the girdle than 
below it (Wang et al. 2006). In an experi-
ment on Pinus taeda, compared to non- 
girdled stems, CO2 efflux was 60% and 94% 
greater above the girdle in spring and 
autumn, respectively. Below the girdle, in 
the same two seasons CO2 efflux was reduced 
to 20% and 50% of that of non-girdled trees. 
Girdling of two-year old Quercus petraea 
stems stopped radial growth below the girdle 
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and led to a decrease in stem CO2 efflux and 
in starch and sugars in the stems (Maunoury- 
Danger et al. 2010). Stem compression, a 
less-destructive approach to disrupting car-
bohydrate movement in the phloem imposed 
by tightening metal clamps placed around 
the tree stem, was recently used on stems of 
Pinus sylvestris trees (Henriksson et al. 
2015). Consistent with destructive girdling 
studies, stem CO2 efflux above the point of 
stem compression increased by 50% after 
the treatment was applied. Three weeks after 
the compression was released, stem CO2 
efflux had returned to normal. In all of these 
studies it was evident that stem metabolism 
was affected by the quantity of carbohy-
drates recently supplied by the phloem.

These different approaches suggest that 
canopy photosynthesis can influence respira-
tion rates of woody tissues. The 13CO2 pulse 
labeling studies are the only ones that verify 
that the source of the carbohydrates in the 
phloem was recent photosynthesis. The other 
studies indicate that the concentration of car-
bohydrates in the phloem, from any source, 
can substantially change the rate of metabo-
lism in the stem. Collectively, these studies 
suggest that the effects on woody tissue res-
piration from changes in the rate of canopy 
photosynthesis need to be examined in the 
future as thoroughly as the effects of envi-
ronmental factors have been in the past. We 
speculate that many of the relationships 
between environmental factors and stem 
CO2 efflux are actually correlations that cor-
respond to internal plant factors that may be 
more directly related to stem CO2 efflux, i.e., 
the patterns of photosynthetic production of 
carbohydrates, the concentration of carbohy-
drates in the phloem, and/or the transport of 
CO2 in the xylem. However, it is important 
to note that none of these studies actually 
measured respiration, only CO2 efflux, so the 
actual effect of carbohydrate availability on 
stem respiration remains unclear.

A common theme among the studies that 
have manipulated carbohydrate availability 

to woody tissues is that the manipulation, 
even one as extreme as girdling, only reduced, 
but did not stop, CO2 efflux from the stem. 
While part of the remaining flux is likely due 
to diffusion of transported or trapped CO2 
from the xylem through the bark, another part 
results from the use of stored carbohydrates 
for cellular metabolism. Carbone et al. (2013) 
reported that in Acer rubrum trees the pool of 
nonstructural carbohydrates used to support 
stem metabolism before leaves emerged in 
spring was one to 2 years old, while in late 
summer stem metabolism utilized current-
year photosynthate. From 14C measurements 
on Quercus species, Trumbore et al. (2015) 
concluded that there was mixing of old and 
new sources of nonstructural carbohydrates 
in stems such that the 14C signal in CO2 efflux 
represented both younger and older nonstruc-
tural carbohydrates that were being used for 
stem metabolism. Consistent with that obser-
vation, Muhr et al. (2013) reported that in 
large individuals of three tropical tree spe-
cies, Hymenolobium pulcherrimum, 
Tachigali paniculata and Simarouba amara, 
there was a radial age gradient for the CO2 
within the stems. Near the outside of the tree 
stem the CO2 had been produced from recent 
photosynthate while deeper in the stem the 
CO2 was from carbohydrates that were sev-
eral years old. The age of the CO2 was deter-
mined by the Δ14C of CO2 within the stem, 
and diffusing from the stem, and comparing 
those values to the atmospheric 14CO2 decay 
curve (Muhr et al. 2013).

D. CO2 Refixation in Stems, 
Branches and Leaves

It has been shown that leaves and stems of 
trees have the capacity to fix xylem- transported 
CO2 from the pioneering studies of Zelawski 
et al. (1970) and Stringer and Kimmerer 
(1993). Yet only recently have we been able to 
quantify the amount of xylem- transported CO2 
that is fixed. McGuire et al. (2009) used a 
13CO2 label in water taken up by transpiring 
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excised branches of Platanus occidentalis and 
determined that the branches assimilated 
~35% of the xylem- transported label, and the 
remainder diffused into the atmosphere. More 
than half of the recovered 13CO2 was assimi-
lated in woody tissues, and the rest was assim-
ilated in leaves and petioles.

In a field experiment, Bloemen et al. 
(2013b) infused labeled water into the xylem 
at the base of 7-year-old field grown Populus 
deltoides trees with heights ranging from 7.2 
to 11.1 m (Fig. 9.3). Infusion continued for 
2 days, after which the trees were harvested. 
All tissues from the base to the top of the tree 
were found to be enriched with 
13C. Enrichment of woody tissues of the stem 
and branches generally increased with tree 
height, suggesting that assimilation increased 

as light penetration through the canopy 
increased. Branches were the most highly 
enriched in 13C, followed by stems and 
leaves. Among leaf tissues, petioles were 
more highly enriched than the leaf blade. 
Similarly, Bloemen et al. (2015) observed 
that a dissolved 11C label fed to the petiole of 
a Populus x canadensis leaf accumulated 
mainly in the petiole and major vein and to a 
lesser extent in the secondary veins. These 
results demonstrated that as CO2 is trans-
ported upward in a tree, or through a branch, 
photosynthetic cells absorb it from the xylem 
stream or opportunistically assimilate it as it 
comes out of solution and diffuses radially 
toward the atmosphere.

In the study of Bloemen et al. (2013b), it 
was found that only 6% of the 13CO2 label 

Fig. 9.3. The amount and percentage of 13CO2 that was assimilated in stem, branch, leaves or diffused to the 
atmosphere in four Populus deltoides trees over a 2 day period. Two trees received a low concentration of 13CO2 
dissolved in water (left figure) and two trees received a high concentration of label (right figure) (from Figure 6 in 
Bloemen et al. 2013b)
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was assimilated when a high-concentration 
label was infused, whereas 17% was assimi-
lated when a low concentration label was 
infused. This result suggests that at some 
point between the low and high concentra-
tion, enzymes were saturated with substrate 
and the maximum capacity for assimilation 
of xylem-delivered CO2 was achieved, 
although dilution of the label as it moved 
upward in the xylem is important to consider 
when attempting to determine the maximum 
potential for assimilation. Associated 
 measurements showed 13CO2 efflux from the 
stems and branches after infusion, support-
ing the conclusions of other studies that 
transported CO2 contributes to measure-
ments of stem CO2 efflux. In this study, it 
was assumed that all of the 13C was in the 
form of 13CO2. However, it is possible that a 
portion of the label remaining in the tissue 
was in the form of bicarbonate, and therefore 
would not have been fixed photosyntheti-
cally. Since a very large portion of the label 
diffused from the stem and branches, it was 
likely that most of the label was in the form 
of 13CO2 but the presence of bicarbonate can-
not be ruled out. At the pH of xylem sap (≈ 6 
on average), CO2 is the predominant form of 
dissolved inorganic carbon but in living cells 
(pH ≈ 7.5), bicarbonate prevails. Thus, it is 
highly recommended that future studies 
acid-wash the dried tissue samples prior to 
13C analysis to remove any 13C–bicarbonate 
that might be present.

Mass balance calculations (McGuire and 
Teskey 2004) indicate that more CO2 will be 
transported in xylem sap when the rate of 
transpiration is high. Although the rapid 
uptake of soil water with a low [CO2] may 
dilute the [CO2] of xylem sap in roots and 
aboveground tissues, respired CO2 dissolves 
in the sap and is rapidly transported upward. 
Thus a high rate of transpiration can deliver 
more CO2 to photosynthesizing cells. In a 
growth chamber experiment, Bloemen et al. 
(2013a) infused detached branches of 
Populus deltoides with a dissolved 13CO2 
label and subjected them to either high or 

low air vapor pressure deficit to alter transpi-
ration. They found greater 13C enrichment of 
branch and leaf tissues at high rates of tran-
spiration compared to low rates.

It has long been known that woody tissue 
photosynthesis can provide substantial car-
bon contributions in tree species with green 
bark; for example in the high-latitude spe-
cies Populus tremuloides (e.g. Foote and 
Schaedle 1978) and the desert genus 
Cercidium (e.g. Adams et al. 1967). However, 
recycling of respired CO2 likely takes place 
in the branches of all woody plants, as well 
as in some stems that have smooth bark sur-
faces (Cernusak and Cheesman 2015). In a 
review of six studies from 1976 to 2009 on 
13 tree species in seven families, Ávila et al. 
(2014) reported that from 7 to 100% of CO2 
efflux from stems and branches was re- 
assimilated in the light. Typically, higher 
rates of reassimilation were observed in 
younger tissues, which were attributed to 
effects on light absorption and transmission 
through the periderm, which is thicker in 
older organs. Wittmann and Pfanz (2016) 
examined light-related properties of one- 
year- old stems of five woody species and 
found chlorophyll throughout the stem tis-
sues, but chlorophyll content of the cortex 
was generally 7-fold greater than that of the 
xylem and pith. Light absorptivity generally 
decreased from cortex to pith and species 
with high cortical chlorophyll content also 
showed high cortical light absorption. 
Chlorophyll fluorescence imaging showed 
the highest photosynthetic activity in the 
outermost part of the stems, with effective 
quantum efficiency decreasing steeply from 
cortex to cambium, and xylem to pith. In 
addition, species with higher radial transmit-
tance through outer bark also showed a 
higher maximum quantum efficiency of the 
cortex, and variation in outer bark light 
transmittance explained 86% of interspecific 
variation in effective quantum efficiency of 
the cortex.

Saveyn et al. (2010) examined the effect 
of reducing or excluding incident light on 
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just the stem of three woody evergreen spe-
cies with contrasting stem pigment profiles: 
one had green bark but no visible pigment 
in wood (Umbellularia californica), one 
had peeling bark with pigments in both bark 
and wood (Arctostaphylos manzanita), and 
one had little pigment in bark and none in 
wood (Prunus ilicifolia). In all three spe-
cies, relative to the control (no light reduc-
tion on the stem), chlorophyll concentration, 
development of new buds and trunk diame-
ter growth were significantly reduced when 
light was excluded from the stem and 
branches. Partial light exclusion had little 
or no effect on chlorophyll concentration 
and trunk diameter growth. In all three spe-
cies, chlorophyll was found in the phloem 
and in xylem, with an exceptionally high 
amount in the xylem of Arctostaphylos. In 
that species, dead bark layers slough off, 
reducing barriers to light transmission to 
the inner stem. The largest decrease in trunk 
diameter growth was seen in Umbellularia 
californica, suggesting that this species was 
more reliant on woody tissue assimilation 
than the other species for construction of 
new stem tissue. In another study that 
excluded light from stems, Bloemen et al. 
(2016) reported that woody tissue photo-
synthesis contributed approximately 30% 
of the carbon needed for stem growth of 
Populus deltoides x nigra saplings. In a 
4 year field study of the effect of light exclu-
sion on branches of Eucalyptus miniata, a 
species in a genus characterized by exfoli-
ating bark, it was estimated that woody tis-
sue photosynthesis accounted for 11% of 
branch wood production (Cernusak and 
Hutley 2011). That estimate agreed well 
with a simple scaling of instantaneous mea-
surements of woody tissue photosynthesis 
in E. miniata (Cernusak et al. 2006).

In many environments, woody tissue pho-
tosynthesis may be important when defolia-
tion occurs due to insect, disease, frost, or 

wind damage. Also, it may be especially 
important during periods of drought stress 
(Pfanz et al. 2002; Aschan and Pfanz 2003; 
Bloemen et al. 2013a; Steppe et al. 2015). 
During drought, woody tissue photosynthe-
sis is reduced much less than leaf photosyn-
thesis (Nilsen 1995) because it is not 
constrained by stomatal closure to conserve 
water and is supplied by endogenously pro-
duced CO2 (Pfanz et al. 2002). Even during 
prolonged droughts, respired CO2 remains a 
substrate for woody tissue photosynthesis as 
long as plant respiration continues (Mitchell 
et al. 2013). It can compensate for reduced 
long-distance carbohydrate transport from 
the leaves to the sinks and may be a key to 
tree survival in prolonged droughts 
(Vandegehuchte et al. 2015). We believe this 
process deserves more attention in tree mor-
tality research and encourage researchers to 
investigate the role of woody tissue photo-
synthesis during drought stress and mortality 
events.

Although most studies on transport and 
recycling of respired carbon have focused on 
photosynthetic reassimilation, there is also 
evidence for the use of the anaplerotic path-
way, which can occur in both dark and light, 
although this pathway has not been thor-
oughly characterized in woody plant organs. 
Berveiller and Damesin (2008) examined 
ribulose-1,5-bisphosphate carboxylase/oxy-
genase (Rubisco) and phosphoenolpyruvate 
(PEPC) activities in leaves and stems of 
beech trees over an entire growing season 
and found that Rubisco activity was four 
times higher in leaves than stems, while 
PEPC activity was 10 times higher in stems 
than leaves. This suggests that PEPC could 
sustain non-photosynthetic carbon provision 
in stems (in the form of organic acids), pro-
viding an additional contribution to plant 
carbon balance. This aspect of carbon gain in 
stems is a critical gap in our knowledge of 
woody tissue carbon assimilation.
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III.  Root Respiration

A. Internal CO2 Transport Affects 
Estimates of Root and Stem Respiration

Soil CO2 efflux, which represents CO2 
released from respiring roots and soil micro-
organisms, is often the largest flux of CO2 
from forests into the atmosphere. Many stud-
ies have attempted to distinguish between 
the autotrophic and heterotrophic compo-
nents of soil CO2 efflux because the compo-
nent fluxes have important consequences for 
our understanding of net ecosystem produc-
tivity and carbon exchange, but also within 
tree carbon allocation, total belowground 
carbon flux, and the causes of change in net 
primary productivity of forests as they age. 
The techniques used to separate root and 
microbial respiration have been extensively 
reviewed and critiqued (e.g. see Hanson 
et al. 2000; Kuzyakov and Larionova 2005; 
Kuzyakov 2006; Subke et al. 2006). There 
have been at least nine different non- isotopic, 
and seven isotopic approaches, used to sepa-
rate the two fluxes (Kuzyakov 2006), and all 
have limitations (see reviews cited above). 
These techniques, intended to separate auto-
trophic and heterotrophic respiration, have 
been widely used, and the results from those 
studies have been the subject of several 
recent syntheses (e.g. Zhou et al. 2014; Liu 
et al. 2016). However, there is an additional 
problem with all of the methods currently 
used to separate the two fluxes, which is that 
all of the measurements are “soil-centric” in 
that they all make the assumption that soil 
CO2 efflux represents all root and microbial 
respiration. At least in the case of forests, 
this is an erroneous assumption because a 
portion of the CO2 released from respiring 
cells in tree roots can dissolve in xylem sap 
and be transported upward into the shoot 
(Aubrey and Teskey 2009; Bloemen et al. 
2014). Xylem-transported root-respired CO2 

is not accounted for by any of the currently- 
used methods intended to separate below-
ground autotrophic and heterotrophic 
respiration. The internal transfer of root- 
respired CO2 also means that soil CO2 efflux 
generally underestimates below-ground res-
piration, making soil CO2 efflux measure-
ment an unreliable technique for estimating 
below-ground respiration in forests. It is also 
highly likely that similar processes of CO2 
movement in xylem sap from roots to shoots 
are occurring in all plant communities.

Evidence that CO2 evolved by root respi-
ration exits the root system and contributes 
to an increase in the [CO2] in stems can been 
found in several studies. Aubrey and Teskey 
(2009) measured the [CO2] in the xylem and 
sap flow at the base of nine-year-old P. del-
toides trees growing in a plantation, and 
simultaneously measured CO2 efflux from 
the soil. They found that the CO2 flux through 
the stem was substantially higher than the 
CO2 efflux from the soil over most of the 
day, but when sap flow ceased the pattern 
reversed (Fig. 9.4). The mean daily flux of 
CO2 through the xylem was 0.26 mol CO2 
m−2 d−1 and the mean daily CO2 efflux from 
the soil was 0.27 mol CO2 m−2 d−1. To 
directly compare these fluxes, both were 
scaled to the soil area occupied by the root 
system (7.5 m2). Since ~50% of soil efflux 
was assumed to be from heterotrophic 
sources, this indicated that about twice as 
much of the CO2 generated by respiring cells 
in roots was transported through the xylem 
into the shoots than diffused into the soil. 
This finding means that belowground auto-
trophic respiration, or root respiration, was 
substantially higher in these trees than what 
would be accounted for in measurements 
from the soil alone. Summing the fluxes 
from both plant and soil pathways of move-
ment of root-respired CO2 suggests that total 
autotrophic respiration (soil flux and stem 
flux combined) would have been 0.39 mol 
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CO2 m−2 d−1, or more than 2.7 times greater 
than heterotrophic respiration.

It can be argued that the species used in 
the Aubrey and Teskey (2009) study (P. del-
toides) may internally transport more CO2 
than many other tree species because it has 
high sap pH (7.2 during the measurement 
period). This value is important because the 
quantity of inorganic carbon that can dis-
solve in xylem sap increases exponentially 
with increasing pH. A pH of 7.2 is one of the 
highest values reported in xylem sap of tree 
species (Teskey et al. 2008). Sap pH in many 
species is more commonly in the 5.6 to 6.6 
range. Also, the measurements were only 
over a 1 week period, and it is not known 
whether that was a typical week during the 
growing season, or if the CO2 fluxes were 
abnormally high during that particular 
period. However, the study was the first to 
demonstrate that an appreciable amount of 
CO2 from roots can dissolve in xylem sap in 
the root system and be transported upward 
into the stem. Many questions remain regard-
ing the magnitude of the flux of CO2 from 

root to stem over the growing season, and 
how the flux might change with season and 
environmental conditions. Presumably con-
ditions that favor transpiration will increase 
the magnitude of the flux. In addition, pos-
sible variation in [CO2] in root xylem due to 
the size and morphology of the root system 
may also affect the magnitude of the flux.

Another study providing evidence for the 
movement of CO2 from roots into stems of 
trees was conducted in a Eucalyptus planta-
tion that had formerly been a tropical grass-
land dominated by Loudetia simplex, a C4 
grass (Grossiord et al. 2012). This factor was 
critical to the study because it created a dif-
ferent 13C signature (i.e. natural isotope com-
position, δ13C) of CO2 released by respiration 
of soil heterotrophic microorganisms from 
that of the C3 Eucalyptus roots. Over a 3 day 
period in April they estimated that autotro-
phic respiration was 27% of total soil CO2 
efflux, but that it varied from a maximum of 
32% at night to a minimum of 23–25% at 
midday. That diel variation indicated that 
root-respired CO2 was being diverted into 

Fig. 9.4. Diel patterns over a seven day period of (a) dissolved CO2 in xylem sap at the base of the stem and 
sap flux and (b) CO2 flux from the soil into the atmosphere or from the root system into the stem via xylem (from 
Figure 1 in Aubrey and Teskey 2009)
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the xylem and transported from the roots 
into the shoot during the day. On average, 
Grossiord and colleagues calculated that 
17% of the CO2 from root respiration was 
moving internally during the daytime, with a 
maximum of 24% between 11:00 and 
15:00 h. The experimental methods used in 
that study were entirely different from those 
of Aubrey and Teskey (2009), so together the 
two studies provide compelling evidence for 
the existence of an internal pathway for the 
movement of respired CO2 in xylem sap of 
trees. That the two studies yielded different 
proportions of respired CO2 being trans-
ported in the xylem suggests that there are 
probably species, tree age, soil, and environ-
mental differences that need to be accounted 
for, as well as methodological differences.

By comparing stem [CO2] in girdled and 
non-girdled nine-year-old Quercus robur 
trees, Bloemen et al. (2014) approached the 
issue of CO2 movement from roots into 
stems via the xylem in an entirely different 
way. In the Bloemen et al. (2014) study, soil 
CO2 efflux and stem [CO2] were measured 
around and in three girdled trees and three 
un-girdled control trees. Before girdling, 
the CO2 efflux from the soil near each of the 
trees was measured and found to be very 
similar (Fig. 9.5). After the girdling treat-
ment was applied, there was substantially 
lower soil CO2 efflux in the vicinity of the 
girdled trees. Five days after girdling, soil 
CO2 efflux had been reduced by 22% com-
pared to soil efflux around the non-girdled 
trees. Twenty-five days after girdling the 
difference had increased to 35%. The mag-
nitude of this response was typical of that of 
many tree species (Högberg et al. 2009) and 
indicates that root respiration was reduced 
by the girdling treatment. Another novel 
aspect of the Bloemen et al. (2014) study 
was that they also continuously measured 
stem [CO2] 5 cm above the soil surface dur-
ing the same measurement period with non- 
dispersive infrared CO2 sensors placed in 
each tree. They found that prior to girdling, 
stem [CO2] in the six trees varied from 

approximately 8% to 12% on different days 
but on any individual day stem [CO2] was 
similar among the trees, and over the 7 day 
period stem [CO2] averaged 10.7% in the 
control trees and 10.1% in the trees that 
were selected to be girdled (Fig. 9.5). 
However, after girdling there was a signifi-
cant decrease in stem [CO2] in the girdled 
trees and girdling reduced stem [CO2] com-
pared to the control trees. The response was 
immediate and consistent, and stem [CO2] 
was reduced by an average of 22% over the 
7 day measurement period following gir-
dling. This study has provided the clearest 
evidence thus far that CO2 originating in the 
root system, which was directly impacted 
by girdling, is transported into the stem via 
the xylem.

Another line of evidence for the trans-
port of CO2 via the xylem from root to 
shoot comes from diel measurements of 
root and soil CO2 efflux. Bekku et al. (2008) 
measured CO2 efflux from Quercus crisp-
ula and Chamaecyparis obtusa trees at a 
field site. The soil around the roots was 
excavated to expose the roots, which 
remained attached to the tree. Root CO2 
efflux was measured every 2 h from dawn 
to dusk. They reported that root CO2 efflux 
increased in the morning with increasing 
temperature, but decreased around midday, 
between 10:00 and 15:00, even though root 
temperature either remained constant or 
increased during that time. While the 
authors did not ascribe a cause to the phe-
nomena they observed, it seems plausible 
that increased transpiration in the midday 
period that diverted CO2 upward in the 
xylem was an important contributing fac-
tor. Similarly, Adachi et al. (2009) mea-
sured soil CO2 efflux in a seasonally dry 
tropical forest of mixed species and 
reported that efflux decreased at midday. 
The depression in efflux was as much as 
42% between the morning maximum and 
the midday efflux. This pattern was clearly 
evident during the dry season. In the wet 
season, the pattern was less pronounced. 

9 Respiration in Trees



200

However, the strongest evidence from diel 
patterns of soil CO2 efflux that CO2 is trans-
ported from roots to shoots via the xylem 
comes from a study in grassland rather than 
a forest (Balogh et al. 2014). They reported 
that soil CO2 efflux was often higher at 
night than in the daytime even though soil 
temperature followed the opposite pattern. 
They also found a significant negative cor-

relation between the residual of evapo-
transpiration and soil CO2 efflux, which 
indicated that as evapotranspiration 
increased, there was proportionally less 
soil CO2 efflux. The difference between 
soil CO2 efflux at low and high transpira-
tion rates was as much as 20%. A study in a 
15-year-old Pinus sylvestris stand suggests 
that soil CO2 efflux in forests may also be 

Fig. 9.5. Diel patterns of (a) soil CO2 efflux (Esoil) and (b) stem CO2 concentration [CO2] in control or stem gir-
dling treatments in nine-year-old Quercus robur trees in the field. Automated indicates Esoil measurements made 
at frequent intervals using an automated soil chamber system. Manual indicates spot measurements made with a 
portable gas exchange system. (From Figure 2 in Bloemen et al. 2014)

Robert O. Teskey et al.



201

influenced by tree transpiration (Subke 
et al. 2009). They measured soil CO2 efflux 
from shallow collars that maintained a soil 
environment consisting of soil and roots 
and from deep collars that severed the 
roots. Soil CO2 efflux peaked during the 
day for the deep collars devoid of tree 
roots, but peaked at night for the shallow 
collars containing roots. The difference in 
peak soil CO2 efflux could likely be due to 
increased efflux of CO2 from roots to the 
soil when transpiration ceased.

That CO2 originating in roots can be trans-
ported into stems has several consequences. 
As stated above, it means that root respira-
tion and total below-ground respiration in 
forests have both been underestimated from 
measurements of soil CO2 efflux, and that 
the transport of CO2 internally in trees is an 
unaccounted-for source of error in studies 
designed to separate autotrophic and hetero-
trophic components of belowground respira-
tion. With respect to stems, it means that 
stem respiration has also been inaccurately 
estimated from measurements of CO2 efflux 
from the stem surface. In most instances, 
stem respiration has been underestimated 
because of the large quantity of CO2 that is 
transported away from the site of local 
release via the xylem stream (Teskey and 
McGuire 2007). However, in some instances 
xylem-transported CO2 can cause an overes-
timate of stem respiration based solely on 
measurements of CO2 efflux, depending on 
the [CO2] in the stem, the rate of local respi-
ration, sap flow and the diffusional resistance 
to CO2 through the stem. An overestimate 
can occur in any tree when the local produc-
tion of CO2 from respiration in a portion of 
the stem is low, but the xylem-transported 
[CO2] remains high, as illustrated in Fig. 9.1 
(Hölttä and Kolari 2009). Another example 
of overestimation was reported in the study 
of Kunert and Edinger (2015), where they 
observed that stem CO2 efflux to the atmo-
sphere increased in parallel to increases in 
xylem sap flux density.

B.  Contribution to CO2 
in the Stem from the Soil

Some of the CO2 found in stem xylem sap 
could have originated in the soil. However, 
in most instances, the contribution of CO2 
from the soil will be small. Soil [CO2] is gen-
erally in the range of 0.1% to 2%. Since stem 
[CO2] is usually much higher, the diffusion 
gradient is from the root into the soil rather 
than from soil to root. This is consistent with 
hundreds of observations of respired CO2 
moving from the root system into the soil 
where it contributes to soil CO2 efflux. 
However, when root [CO2] is low and the 
soil [CO2] is high, the CO2 gradient will be 
from soil to root, and CO2 could enter the 
root system, but under natural field condi-
tions this is a rare occurrence. There have 
been several reports of dissolved inorganic 
carbon from the soil entering the root system 
in experimental situations. Ford et al. (2007) 
labeled water with dissolved 13CO2 and used 
it to irrigate pots in which Pinus taeda seed-
lings were growing. They reported that a 
small quantity of label was found in plant tis-
sues, mostly in the stems, but also in leaves 
and roots. However the 13CO2 taken up 
through the roots only accounted for 0.8% of 
seedling net carbon gain. Ubierna et al. 
(2009) labeled water using sodium bicarbon-
ate and irrigated three large conifers at a for-
est site with the solution. They reported that 
only a small amount of the label could be 
detected in stem xylem sap. They concluded 
that most of the CO2 dissolved in the solu-
tion had not been taken up by the roots, per-
haps because of anatomical barriers. There 
have been many studies in crop plants that 
examined the potential for the uptake of dis-
solved inorganic carbon from the soil solu-
tion by the roots of crop plants (reviewed in 
Enoch and Olesen 1993; Cramer 2002). 
Those studies also reported that only a small 
portion of carbon in solution was taken up by 
the roots. Many of the studies on crop plants 
were conducted using hydroponic solutions 

9 Respiration in Trees



202

with dissolved inorganic carbon concentra-
tions higher than that typically found in soil, 
which would have altered the root-soil diffu-
sion gradient.

C. Use of Recently Produced 
Carbohydrates for Root Metabolism

Studies utilizing stem girdling or canopy 13C 
pulse labeling treatments have revealed that 
carbohydrates moving through the phloem 
are often an important substrate for root 
metabolism. Pulse labeling the canopy with 
13C has convincingly demonstrated that 
within days labeled sugars can move from 
leaves through the phloem into the root sys-
tem (see review by Epron et al. 2012). The 
rate of movement changes with environmen-
tal conditions, especially water availability 
and temperature, and the velocity of move-
ment in the phloem of both angiosperm and 
gymnosperm trees is generally in the range 
of 0.1 to 0.4 m h−1, although there are some 
reports of higher velocities (Epron et al. 
2012). Warren et al. (2012) labeled the 
crowns of several Pinus taeda trees that were 
just over 7 m tall. They detected the 13C label 
in soil CO2 efflux beginning on the second 
day after the labeling event, and the labeled 
efflux peaked in the third through the sixth 
day after canopy labeling. Kuzyakov and 
Gavrichkova (2010) reviewed studies which 
reported the time it took for the CO2 assimi-
lated in the canopy to be detected in the CO2 
efflux from soil. They reported that, in gen-
eral, for trees the time lag was about 4 to 
5 days, but the time lag should be shorter in 
smaller trees and longer in bigger trees.

Labeling studies have provided compel-
ling evidence that photosynthetic assimilates 
move rapidly through trees into the root sys-
tem, but it has been girdling studies that have 
been able to address the question of the pro-
portion of below-ground respiration that uti-
lizes recently produced photosynthetic 
assimilates. Högberg et al. (2001) girdled 
plots of Pinus sylverstris trees in a forest and 
reported that after 5 days soil CO2 efflux 

decreased by 37% and after 1–2 months it 
had been reduced by 54%. That result was 
similar to the results of a girdling study in a 
Picea abies forest (Olsson et al. 2005) and in 
a mixed stand of Picea abies and Fagus syl-
vatica (Andersen et al. 2005). However, 
smaller reductions in soil CO2 efflux (16 to 
24%) were reported after girdling trees in 
Eucalyptus plantations (Binkley et al. 2006) 
and in a Pinus taeda stand 26% reduction 
after physical girdling (Johnsen et al. 2007). 
Although the effect of stem girdling on soil 
CO2 efflux has been interpreted to be an esti-
mate of root respiration (Högberg et al. 
2009) there are several reasons to question 
that assumption. First, it assumes that roots 
only use recently supplied carbohydrates 
from the phloem, presumably mostly from 
recent assimilation in the canopy. Yet there is 
no evidence that root respiration completely 
stopped, or that heterotrophic respiration 
was not affected by the girdling treatment. A 
number of studies have indicated that a 
below-ground carbon pool that turns over in 
less than 1 year makes up a substantial por-
tion of soil CO2 efflux (Gaudinski et al. 2000; 
Giardina et al. 2004; Taneva et al. 2006). 
Using a 13C tracer, Lynch et al. (2013) con-
cluded that growth of new fine roots was 
mostly from recently produced photosyn-
thate, but that, overall, 24% of root-respired 
CO2 was from stored carbon in Liquidambar 
styraciflua trees growing in a plantation. 
Determining which components contribut-
ing to soil CO2 efflux are affected after gir-
dling, and by how much, is a research topic 
that needs attention. It is also important to 
note that there are likely to be important dif-
ferences among species that are related to 
growth strategies. For example, while 
Binkley et al. (2006) observed a very small 
decrease in soil CO2 efflux after girdling 
Eucalyptus trees, which indicated a small 
dependency on recently produced photosyn-
thates, Aubrey et al. (2012) reported that 
after canopy scorching (removing 80% of 
the leaf area of Pinus palustris trees) there 
was no effect on soil CO2 efflux measured 
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monthly for over a year after treatment. That 
implies little or no reliance on recently pro-
duced carbohydrates for below-ground res-
piration in this species or at least, a high 
capacity to maintain respiratory processes 
with stored reserves when photosynthate is 
limiting. In addition, there is now evidence 
that a portion of root-respired CO2 dissolves 
in xylem sap in the root system and is trans-
ported upward into the stem (Aubrey and 
Teskey 2009; Grossiord et al. 2012; Bloemen 
et al. 2014) which means that any technique 
that only measures soil CO2 efflux (or 13CO2 
efflux after labeling) does not account for all 
root-respired CO2.

IV.  Conclusions

The amount of CO2 released by respiring 
cells in woody tissues is appreciable and 
needs to be accounted for to yield accurate 
estimates of soil, root, stem, and branch res-
piration. Although methods for measuring 
woody tissue respiration have been devel-
oped, more emphasis is needed on imple-
menting and improving those methods. For 
example, studies measuring the flux of CO2 
from tissue surfaces to the atmosphere 
remain commonplace, but studies measuring 
internal CO2 transport remain relatively rare. 
The model of CO2 transport and efflux in a 
tree stem by Hölttä and Kolari (2009) illus-
trated how changes in stem diameter and 
sapwood area with tree height, sap flow, 
stem [CO2] and the rate of respiration all 
interacted to affect CO2 efflux to the atmo-
sphere, and also served to point out that sev-
eral important aspects of gas movement 
through woody tissues are poorly under-
stood, including the resistance to radial dif-
fusion of CO2 through stems and the rate of 
respiration of different tissue types within 
stems. Expanding this model with informa-
tion from additional species across a range 
of sizes would improve our understanding of 
CO2 efflux to the atmosphere. Particular 

emphasis should be placed on measuring dif-
fusion coefficients and internal concentra-
tions of CO2 of different tissues, and at 
different heights, for multiple species under 
a variety of environmental and plant condi-
tions (e.g. high versus low water status). 
Overall, our understanding of factors that 
influence the internal concentration of CO2 
remains rudimentary and an improved under-
standing of the controls on CO2 production, 
transport, and efflux to the atmosphere are 
required to construct models capable of 
accurately predicting the respiration of 
woody tissues. The recycling of respired 
CO2 that remains within the tree by photo-
synthetic cells in stems, branches, and leaves 
is also a process that may be important dur-
ing periods of drought stress and is perhaps 
utilized more in some species than others, 
but it requires much more research before it 
will be well understood.

Opportunities abound to increase our 
knowledge of tree respiration in forest eco-
systems. There are also many research chal-
lenges with regard to measuring the quantity 
of CO2 produced by respiration and its move-
ment within trees. Finally, this research 
serves to illustrate that, at the whole plant 
level, physiological activity involves both 
cellular and higher order transport processes 
that add a level of complexity to how we 
measure and interpret the rates and yields of 
carbon fluxes.
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Summary

Hypoxia is a rather common phenomenon in plants that occurs naturally during development 
(e.g. in inner seed tissues) or due to adverse environmental conditions (waterlogging in 
crops). However, the specific metabolic and molecular responses to hypoxia have been dis-
entangled only recently. Quite generally, oxygen shortage impacts on energy generation by 
mitochondrial metabolism. There is a conserved transcriptional response orchestrated by the 
so-called N end rule pathway (NERP) of proteolysis for oxygen sensing and signaling in 
plants. Downstream events include a deep reconfiguration of carbon metabolism that nicely 
illustrates the role played by biochemical enzymatic regulation as an indirect oxygen-sens-
ing system responsible for changes in fluxes of the tricarboxylic acid (TCA) cycle, glycoly-
sis and fermentation. Hypoxia has consequences not only for primary carbon metabolism but 
also for nitrogen metabolism. In fact, adaptive respiratory responses to low oxygen con-
straints nitrate assimilation and transaminations, and are coupled to the metabolism of nitric 
oxide, an endogenous signaling molecule.
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I.  Introduction

Plants, as opposed to animals, are not 
equipped with a tissue or a system dedicated 
to oxygen (O2) uptake and delivery to the 
organs. As a consequence, even under aero-
bic conditions, dense cell packing in some 
tissues may lead to permanent oxygen short-
age, e.g. in developing and germinating 
seeds, tubers, bulky fruits, meristems, ger-
minating pollen, and phloem (van Dongen 
and Licausi 2015). Roots, however, are not 
adapted to hypoxic or anoxic environment, 
except in species naturally growing in 
waterlogged soils, swamps, etc. Current cli-
mate change is predicted to change rainfall 
regimes and as already observed by the 
GRID-Arendal center and the United 
Nations Environment Program (UNEP), the 
number of flooding events have increased 
all around the world in the last decades 
(Fig. 10.1). In this context, plants may 
encounter more frequently prolonged water-

logging periods (and thus oxygen shortage 
in the rhizosphere) due to heavy precipita-
tions. Under such circumstances, oxygen 
shortage in roots comes from O2 diffusion in 
water (waterlogged soils) being slower than 
in air and also the competition between roots 
and respiring microorganisms for available 
O2 (Drew 1997). This situation is even 
worse in agricultural systems since common 
crop varieties have been selected to cope 
with various abiotic stresses such as drought 
and are thus not able to tolerate prolonged 
environmentally-driven hypoxia or anoxia 
(Bailey-Serres et al. 2012; Bailey-Serres 
and Voesenek 2008; Licausi 2013). 
Consequently, the adaptation to low-oxygen 
stress now appears to be an important aspect 
of crop performance. Also, it is critical to 
understand the responses to hypoxia at the 
cellular level, including metabolic acclima-
tion and preparation to returning back to air. 
The knowledge of early and late molecular 
responses to low oxygen should provide 

Fig. 10.1. Steady increase in the number of flood events on continents since 1950 as reported by the GRID-Arendal 
(http://www.grida.no/graphicslib/detail/number-of-flood-events-by-continent-and-decade-since-1950_10c2).
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information on key actors and thus help 
geneticists to drive breeding programs for 
the selection of crops adapted to hypoxic 
rhizospheres.

Notorious damaging effects of hypoxia 
are associated with an energy ‘crisis’, that is, 
a reduction in respiratory ATP production 
and cytoplasm acidification coming from the 
decreased activity of the plasma membrane 
H+ pumping ATPase. Transcriptome and 
translatome analyses in Arabidopsis revealed 
a group of 49 genes that are prioritized for 
translation in response to low oxygen stress 
(Mustroph et al. 2009). Only a few genes 
encoding enzymes of carbon primary metab-
olism and energy homeostasis were found 
amongst typical hypoxia-responsive genes: 
pyruvate decarboxylase (PDC1 and PDC2), 
alcohol dehydrogenase (ADH1), and sucrose 
synthase (encoded by SUS4) (Mustroph 
et al. 2009). Although nitrogen metabolism 
was shown to contribute to cellular acclima-
tion to low-oxygen stress in plants (Bailey-
Serres et al. 2012; Bailey-Serres and 
Voesenek 2008), only the gene encoding ala-
nine aminotransferase (AlaAT) was found 
among core hypoxia-response genes 
(Mustroph et al. 2009). Transcriptomics 
analysis of rice coleoptile (using a variety 
adapted to elongate under anoxia) showed a 
response similar to that in Arabidopsis, with 
the induction of SUS4, PDC and 
ADH. However, genes encoding enzymes of 
pyruvate and phosphoenolpyruvate metabo-
lism were found to be the most affected 
(Lasanthi-Kudahettige et al. 2007): while the 
expression of genes encoding pyruvate 
kinase (PK) and pyruvate dehydrogenase 
(PDH) were almost not changed, genes 
encoding pyruvate phosphate dikinase 
(PPDK) and phosphoenolpyruvate car-
boxykinase (PEPCK) were highly expressed 
and the transcription of the gene encoding 
phosphoenolpyruvate carboxylase (PEPC) 

was strongly inhibited (Lasanthi-Kudahettige 
et al. 2007). It is worth noting that in rice 
coleoptile under aerobic condition, PEPCK 
was almost not expressed while PEPC tran-
scripts were abundant (Lasanthi-Kudahettige 
et al. 2007).

In animals, the adaptive response is 
orchestrated very early at the onset of 
hypoxic stress by a direct oxygen sensing 
mechanism based on oxygen-dependent 
posttranslational hydroxylation of a 
hypoxia-inducible factor (HIF subunit α) 
(Kaelin and Ratcliffe 2008). When oxygen 
is available, HIFα is hydroxylated, allow-
ing polyubiquitynation and degradation by 
the proteasome. At low oxygen mole frac-
tion, HIFα is not hydroxylated and escapes 
degradation, homodimerizes and the dimer 
translocates to the nucleus where it tran-
scriptionally activates up to 200 genes, 
including genes involved in erythropoiesis, 
angiogenesis, autophagy, and energy 
metabolism (Kaelin and Ratcliffe 2008). In 
plants, neither such an early and massive 
reaction nor a similar mechanism of direct 
oxygen sensing has been found (Bailey-
Serres et al. 2012). In the last decade, the 
breakthrough in the area of plant response 
to low-oxygen stress was the discovery of 
the role played by a family of transcription 
factors belonging to group-VII Ethylene 
Response Factors (ERFs): RAP2.2, 
RAP2.3, RAP2.12, HRE1, and HRE2 (for a 
review, see Bailey-Serres et al. 2012; 
Limami et al. 2014; van Dongen and Licausi 
2015). It has been proposed that at least two 
members of the group-VII ERFs, RAP2.2 
and RAP2.12, are constitutively expressed 
and act redundantly as principal activators 
of genes encoding proteins involved in the 
response to low-oxygen stress (Gasch et al. 
2016). However, all of the members of 
group-VII ERFs are subjected to oxygen-
dependent posttranslational modification 
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through the N-end rule pathway (NERP) for 
protein proteolysis (Gibbs et al. 2011; 
Licausi et al. 2010, 2011). After N terminal 
methionine cleavage by a methionine ami-
nopeptidase, the exposed cysteine is oxi-
dized to Cys-sulfonic acid by O2. An 
arginine residue is added to the oxidized 
cysteine by an arginyl tRNA transferase and 
the argininylated protein is then recognized 
by an N-recognin [PROTEOLYSIS 6 
(PRT6) in Arabisopdis thaliana], which 
polyubiquitinates the protein thus allowing 
its degradation by 26S proteasome (Licausi 
et al. 2013). When cellular oxygen concen-
tration decreases below a (yet unknown) 
threshold, RAP2.2 and RAP2.12 would 
escape post-translational modification and 
degradation. They are then transported to 
the nucleus where they induce the expres-
sion of secondary ERFs such as HRE1 and 
HRE2, allowing several downstream 
hypoxia-response genes to be expressed 
(Licausi 2013; Sasidharan and Mustroph 
2011). Upon the return to normoxia, all of 
the members of group VII ERFs are sub-
jected to posttranscriptional-mediated pro-
teolysis. Members of the ERF transcription 
factors family involved in the regulation of 
hypoxia responsive genes have been also 
identified in rice (SUB1A, SK1 and SK2) 
(Hattori et al. 2009; Xu et al. 2006). 
Characterization of Arabidopsis mutants 
affected in the NERP pathway of proteoly-
sis showed that PDC and ADH genes, but 
not AlaAT, are under the control of group-
VII ERFs (Gibbs et al. 2011; Licausi et al. 
2011). We thus hypothesize that the accli-
mation response to hypoxia is established 
gradually during the oxygen shortage 
period. This would reflect the fact that 
plants can survive long periods of oxygen 
shortage (up to several hours or days of 
waterlogging) as compared to animals 
(Drew 1997). That is, before cellular events 
involving group VII-ERFs are triggered, 
the prime response involves indirect sens-
ing of low oxygen via (i) the impairment of 
the mitochondrial electron transfer chain 

and changes in redox status (NADH/NAD 
ratio), (ii) reactive oxygen species (ROS), 
(iii) nitric oxide (NO), and (iv) energy sta-
tus of the cell (ATP content). Afterwards, 
transcriptionally-controlled responses that 
depend on NERP proteolysis turn-over of 
ERF-VII transcription factors are activated 
to amplify the shift from aerobic to anaero-
bic metabolism and trigger long-term 
effects such as hormone-dependent stem 
elongation and aerenchyma development 
(Bailey-Serres et al. 2012; Bailey-Serres 
and Voesenek 2008; Drew 1997; Limami 
et al. 2014; van Dongen and Licausi 2015).

Taken as a whole, hypoxia is expected to 
cause major changes in both metabolome 
and transcriptome, associated with changes 
in metabolic fluxes in the tricarboxylic acid 
(TCA) cycle, glycolysis and fermentation. In 
this chapter, we will first describe these 
effects and provide an overview of recent 
findings dealing with the reorchestration of 
carbon and nitrogen metabolisms under 
hypoxia. Second, considering the effects of 
hypoxia for nitrate assimilation, we will dis-
cuss the cellular control of hypoxic nitrogen 
metabolism and the involvement of nitric 
oxide, an endogenous signaling molecule 
derived therefrom.

II. Reconfiguration of C and N 
Metabolisms Under Hypoxia

A.  Inhibition of Photosynthesis

Waterlogging-induced hypoxia has been 
described in the literature as being a possible 
cause of photosynthesis impairment 
(Kozlowski and Pallardy 1984). One of the 
reported reasons is that the drop in photosyn-
thesis is associated with stomatal closure 
(Huang et al. 1994; Malik et al. 2001; Mielke 
et al. 2003; Mollard et al. 2010; Striker et al. 
2005; Vu and Yelenosky 1991). Stomatal 
closure may occur under hypoxic conditions 
in response to leaf dehydration induced by 
water transport impairment which is in turn 

Elisabeth Planchet et al.



213

caused by oxygen deficiency in roots (Else 
et al. 2001). However, stomatal closure can 
also occur without noticeable changes in leaf 
water potential but rather, as a response to 
hormonal regulation regardless of plant 
water status. In fact, available evidence sup-
ports the idea of stomatal closure mediated 
by abscisic acid (ABA) in flooded plants 
(Else et al. 1996; Jackson and Hall 1987). In 
crops, prolonged hypoxia leads to a decrease 
in net photosynthesis rate of mesophyll cells 
per se (Yordanova and Popova 2001) and 
thus in biomass production, leaf size and 
yield (Kozlowski and Pallardy 1984; 
Schlüter and Crawford 2001). This long-
term effect of hypoxia on photosynthetic 
capacity has been explained by the degrada-
tion of chlorophylls and other components of 
the photosynthetic apparatus, following 
early leaf senescence in response to nitrogen 
deficiency that occurs in leaves of water-
logged plants (Grassini et al. 2007; Manzur 
et al. 2009; Yordanova and Popova 2001). 
Also, waterlogged plants exhibit carbohy-
drate accumulation in leaves, likely due to 
the reduction in sugar utilization resulting 
from altered growth and phloem transport 
(Barta 1987; Wample and Davis 1983). 
Sugar accumulation exerts in turn a negative 
feedback on photosynthesis rate (Pego et al. 
2000).

B. Cellular Energy Generation 
and Sugar Provision

Changes in both nitrogen and carbon pri-
mary metabolism as a consequence of 
hypoxia have been reported in many species 
belonging to plants, animals (including 
Homo sapiens), fungi and bacteria (Mustroph 
et al. 2010). Conserved changes are described 
as adaptive reactions at the cellular level 
allowing both the mitigation of detrimental 
effects of low-oxygen stress and the prepara-
tion to returning to air. At the cellular level, 
damaging effects are related to an energy 
‘crisis’, that is, the reduction in respiratory 
ATP production and cytoplasm acidification 

as a consequence of impaired plasma mem-
brane H+ pumping ATPase. In plants, faster 
glycolytic activity coupled to alcoholic fer-
mentation (and the associated loss of carbon 
to the medium as ethanol) is responsible for 
carbon reserves exhaustion. As a conse-
quence, it is widely accepted that hypoxic 
tissues experience a carbon-starvation stress 
in addition to low-oxygen stress. Therefore, 
carbohydrate supply to hypoxic roots during 
prolonged flooding periods appears to be 
crucial for plant survival (Drew 1997; Jaeger 
et al. 2009). Accordingly, amylases have 
been shown to be active under hypoxic or 
anoxic conditions in hypoxia-tolerant rice 
seeds, and inactive (inhibited) in hypoxia-
sensitive seeds of wheat and barley 
(Guglielminetti et al. 1995).

C.  Metabolic Pathways Under Hypoxia

A general model of the metabolic response 
to hypoxia can be drawn from published data 
that used metabolomics sometimes coupled 
to 13C and 15N isotope labeling, in various 
species such as Arabidopsis thaliana, soy-
bean (Glycine max), bird’s foot trefoil (Lotus 
japonicus), barrel clover (Medicago trun-
catula) and rice (Oryza sativa). As stated 
above, starch and sucrose degradation are 
activated under hypoxia to meet the increased 
carbon demand by glycolysis. As a strategy 
of ATP saving and increasing the energetic 
balance of glycolysis, pyrophosphate (PPi)-
dependent kinases are preferred over ATP-
dependent kinases in hypoxic tissues. In 
contrast with ATP, PPi does not come from 
the mitochondrial electron chain but is a by-
product of many reactions, like DNA, RNA, 
proteins and cellulose biosynthesis or PEP 
synthesis by pyruvate Pi dikinase. It is also 
produced during β-oxidation of fatty acids 
by thiokinase (Ferjani et al. 2012). Sucrose 
degradation and hexose phosphorylation 
occur preferentially via sucrose synthase and 
UDP-glucose pyrophosphorylase (UGPase). 
Sucrose synthase cleaves sucrose in the pres-
ence of UDP, thereby generating UDP-
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glucose and fructose. Fructose can then be 
phosphorylated by hexokinase, using one 
ATP. UDP-glucose could be used along with 
PPi by UGPase to generate glucose-1-phos-
phate and UTP. This pathway thus poten-
tially generates one phosphorylating 
equivalent (UTP) and also consumes one 
(ATP). Simple sucrose cleavage by invertase 
would cost two ATP, required to phosphory-
late both glucose and fructose. Also under 
hypoxia, fructose-1,6-bisphosphate synthe-
sis is catalyzed by PPi-fructose 6-phosphate 
1-phosphotransferase (PPi-dependent phos-
phofructokinase, PFP) instead of ATP-
dependent phosphofructokinase (PFK). 
Also, pyruvate synthesis might be supple-
mented by PPDK (although the PPDK-
catalyzed conversion of PEP to pyruvate is 
unfavorable under physiological conditions) 
in addition to PK, but this hypothesis needs 
to be tested. Enzymes catalyzing other  
steps of glycolysis are also stimulated under 
low oxygen. So is the case of fructose-
1,6-bisphosphate aldolase, triose phosphate 
isomerase and glyceraldehyde-3-phosphate 
dehydrogenase.

The fate of pyruvate under hypoxic condi-
tions is primarily fermentation to ethanol, 
which regenerates NAD+ to maintain sub-
strate-level ATP production (i.e., glycolysis). 
Lactate dehydrogenase (LDH) is also known 
to be activated in hypoxic tissues. However, 
it seems that PDC activity prevails over LDH 
so that fermentative NAD+ regeneration via 
PDC + ADH rather than LDH appears to be 
specific to plants (Bailey-Serres and Colmer 
2014). Pyruvate is also converted to alanine, 
sometimes to considerable levels (Fig. 10.2). 
As such, alanine accumulation is described 
as a hallmark of hypoxic tissues in many 
plant species. Also in Arabidopsis, alanine 
aminotransferase (AlaAT) is the sole gene 
associated with nitrogen metabolism found 
in hypoxia-responsive genes (Mustroph 
et al. 2009). This might appear rather sur-
prising since alanine production does not 
regenerate NAD+, and alanine plays neither a 
signaling nor protective role. What is the 
rationale of alanine accumulation then? 

Tentative explanations have been provided 
by several authors (for a review, see Bailey-
Serres and Voesenek 2008; Limami et al. 
2014) and completed recently by Diab and 
Limami (2016). They suggested that alanine 
must be viewed as a masterpiece in the jig-
saw puzzle of hypoxic carbon and nitrogen 
metabolisms: alanine and glutamate are 
involved in a AlaAT/NADH-GOGAT cycle 
whereby NAD+ is regenerated and the stor-
age of glycolytic products in the form of ala-
nine (rather than being lost in the form of 
ethanol) saves organic carbon. In such a 
cycle, the reaction sequence is simply the 
following: pyruvate + glutamate → alanine + 
2-oxoglutarate and 2-oxoglutarate + gluta-
mine + NADH → 2 glutamate + NAD+. That 
way, NADH is re-oxidized using indirectly 
pyruvate generated by glycolysis (Fig. 10.2). 
Evidence has been provided for NADH-
GOGAT activity under hypoxia. For exam-
ple, NADH-GOGAT activity has been shown 
to increase in hypoxic Medicago truncatula 
roots (Limami et al. 2008). In addition, when 
roots of Medicago truncatula or soybean 
were fed with 15NH4

+ with or without methi-
onine sulfoximine (MSX, a potent glutamine 
synthetase inhibitor), 15N-glutamate was 
synthesized only in the absence of MSX 
(Antonio et al. 2016; Limami et al. 2008). 
The involvement of the AlaAT/NADH-
GOGAT pathway holds if there is a source of 
glutamine to sustain GOGAT activity. Should 
glutamine be synthesized de novo by gluta-
mine synthetase, this pathway would con-
sume extra ATP and this is probably not 
desirable under hypoxic conditions. It thus 
appears more likely that glutamine origi-
nates from proteolysis, which is effectively 
enhanced under hypoxia. Future studies are 
warranted to provide more information on 
this, for example using a precise 15N mass 
balance.

Diab and Limami (2016) also proposed 
that alanine may represent a readily utiliz-
able carbon and nitrogen store upon reoxy-
genation (normoxia) before carbon fixation 
via photosynthesis is fully reestablished. 
That is, alanine would be remobilized 

Elisabeth Planchet et al.



215

through an AlaAT/GDH recycling whereby 
alanine is reconverted to pyruvate and gluta-
mate + NAD+ oxidized to 2-oxoglutarate + 
NADH + NH4

+ by glutamate dehydrogenase 
(GDH). Then NADH and pyruvate would be 

channeled to the mitochondrial electron 
chain and the TCA cycle, respectively.

γ-aminobutyric acid (GABA) has also 
been shown to be a metabolite that typically 
accumulates under hypoxia (Fig. 10.2). 

Fig. 10.2. Overview of primary metabolism in tissues subjected to oxygen deficiency. Under low O2 condi-
tions, cell metabolism has to counteract a reduction in respiratory ATP production and cytoplasm acidification. 
Glycolysis becomes the main source of ATP synthesis. To keep glycolysis going, NAD+ must be continuously 
regenerated and pyruvate (encircled) accumulation should be prevented. This is mainly achieved by channel-
ing pyruvate to lactate via lactate dehydrogenase (LDH) and to ethanol via pyruvtae decarboxylase (PDC) and 
alcohol dehydrogenase (ADH). Also to a lower extent, pyruvate is committed to an alanine aminotransferase 
(AlaAT) coupled to glutamine 2-oxoglutarate aminotransferase (GOGAT) that regenerates NAD+ or aspartate 
aminotransferase (AspAT) that produces oxaloacetate. 2-oxoglutarate and oxaloacetate could enter in the TCA 
cycle reorganized in two independent branches leading to succinate accumulation. This allows the regenera-
tion of FAD+ via succinate dehydrogenase (SDH) and ATP synthesis via succinyl-CoA synthetase (SCoAsyn). 
Cytoplasm acidosis could be partly compensated for by the consumption of protons by glutamate decarboxylase 
(GAD). Dashed, continuous and gray arrows stand for multistep pathways, reactions stimulated under oxygen 
deficiency, and reactions inhibited during oxygen deficiency, respectively. Metabolites shown in bold are accu-
mulated.1, pyruvate dehydrogenase; 2, citrate synthase; 3, malate dehydrogenase; 4, aconitase; 5, fumarase; 6, 
isocitrate dehydrogenase; 7, 2-oxoglutarate dehydrogenase.
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However, GABA is not a static end product 
since it is produced by glutamate decarbox-
ylase (GAD) and consumed by GABA ami-
notransferase (GABA-T). On the one hand, 
these reactions are part of the GABA shunt 
which allows glutamate to be recycled by the 
TCA cycle. Furthermore, GDC activity con-
tributes to acidosis mitigation because 
GABA synthesis consumes protons (gluta-
mate + H+ → CO2 + GABA). On the other 
hand, glutamate recycling via the GABA 
shunt has long been considered to be unlikely 
because succinic semialdehyde (the product 
of GABA-T) conversion to succinate (cata-
lyzed by succinate semialdehyde dehydroge-
nase, SSDH) requires NAD+. Furthermore, 
the optimal pH for SSDH catalysis is not 
compatible with the observed drop in cyto-
solic pH during hypoxia (Rocha et al. 2010). 
Nevertheless, recent experiments of 15N 
redistribution have suggested the involve-
ment of the GABA shunt (Antonio et al. 
2016).

D.  Carbon Fluxes Under Hypoxia

In the last decade, some advance has been 
provided by isotopic labeling. 13C analyses 
in metabolites after 13C-glutamate and 
13C-pyruvate labeling in soybean water-
logged roots indicated that succinate is one, 
if not the major product of glutamate metab-
olism via the AlaAT/NADH-GOGAT cycle. 
This effect simply comes from 2-oxogluta-
rate, the product of glutamate deamination, 
being oxidized by 2-oxoglutarate dehydro-
genase (2OGDH) and then succinyl-CoA 
synthase, thereby producing ATP (Antonio 
et al. 2016). The close coupling between ala-
nine production and the TCA cycle is cor-
roborated by the finding that the gene 
encoding the mitochondrial isoform of 
AlaAT is up-regulated under hypoxia in 
Medicago truncatula (Ricoult et al. 2005).

In bacteria, lower eukaryotes, shellfish, 
and cancer cells (reviewed by Chinopoulos 
2013) succinate build-up is also explained 

by the following sequence: 2-oxoglutarate + 
aspartate → glutamate + oxaloacetate and 
oxaloacetate → malate → fumarate → suc-
cinate (Fig. 10.2). In plants, only partial 
information is available on this hypothetical 
segment of the TCA cycle and further work 
is needed to elucidate this pathway. For 
example, 13C-labeling experiments in soy-
bean and Lotus japonicus showed that while 
malate and succinate were significantly 
labeled (Antonio et al. 2016; Rocha et al. 
2010) no 13C enrichment was detected in 
fumarate. The authors strongly defended the 
idea that malate might derive from oxaloac-
etate (OAA) by the action of malate dehy-
drogenase (MDH) rather than from fumarate 
because of the inhibition of succinate dehy-
drogenase (SDH, complex II of the mito-
chondrial electron transport chain) due to the 
saturation of the ubiquinone pool in the 
absence of oxygen (Rocha et al. 2010).

Uncertainty also remains about the meta-
bolic origin of OAA. Rocha et al. (2010) 
proposed that in waterlogged roots of Lotus 
japonicus, aspartate aminotransferase 
(AspAT) produces OAA but this proposal 
was not supported by isotopic labeling. 
Recently, the same research group fed soy-
bean roots under hypoxia with 13C- and 
15N-labeled molecules and obtained surpris-
ing results. Both 13C-glutamate and 
13C-pyruvate labeling experiments led to the 
appearance of 13C-aspartate and 13C-malate. 
At first glance, this suggests that malate was 
mostly synthesized by the TCA cycle. It con-
tradicts the assumption that succinate dehy-
drogenase is inhibited and MDH operates in 
the reductive direction (malate synthesis) 
under hypoxia. The simplest explanation of 
this contradiction is that 13CO2 derived from 
13C-pyruvate and 13C-2-oxoglutarate decar-
boxylation has been re-assimilated by the 
PEPC thereby producing 13C-OAA. OAA 
has then been aminated to 13C-aspartate by 
AspAT or reduced to malate by MDH. 
Actually, malate seems to be a more likely 
end product than aspartate under hypoxic 
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conditions, because 15NH4
+ labeling leads to 

very low 15N redistribution in aspartate (and 
asparagine) showing that aspartate synthesis 
by AspAT has a very low activity (Antonio 
et al. 2016).

Further experimental work is needed to 
confirm (or invalidate) this plausible, PEPC-
based explanation. In particular, the gene 
encoding PEPC has never been listed 
amongst visibly up-regulated genes tran-
scriptomics studies under hypoxia, and it has 
been shown to be strongly down-regulated in 
hypoxic rice coleoptiles (Lasanthi-
Kudahettige et al. 2007). Having said that, 
the PEPC hypothesis cannot be ruled out 
considering many examples of enzymes for 
which gene expression (mRNA abundance) 
decreased while the activity remained con-
stant or even increased under hypoxia as 
compared to normoxia. For example, in sev-
eral studies conducted on rice coleoptiles 
and seedlings, the expression of genes 
encoding MDH and 2OGDH have been 
shown to decrease although enzyme activi-
ties were present, with 2-oxoglutarate effec-
tively converted to succinyl-CoA further 
metabolized to succinate, thus producing 
ATP and regenerating NAD+.

III. Involvement of Nitric Oxide 
in Low-Oxygen Stress Tolerance

A. Nitric Oxide Production 
Under Oxygen Deficiency

At both molecular and physiological levels, 
low oxygen in roots may affect nutrient 
assimilation including nitrogen (Narsai et al. 
2011). One of the metabolic responses to 
oxygen deficiency is nitric oxide (NO) accu-
mulation. In the past few years, this gaseous 
free radical has emerged as an important sig-
naling molecule involved in several plant 
physiological and developmental processes, 
and adaptive responses to biotic and abiotic 
stresses (Besson-Bard et al. 2008). Due to its 
free radical nature (single unpaired electron), 

NO has a short half-life (in the order of sec-
onds) and can react easily with oxygen/
superoxide or with thiol- and transition 
metal-containing proteins. An increase in 
NO emission has been reported to occur 
under low oxygen in various species, such as 
Arabidopsis thaliana (Hebelstrup et al. 
2012), Chlorella sorokiniana (Tischner et al. 
2004), Medicago sativa (Dordas et al. 2003), 
Medicago truncatula (Horchani et al. 2011), 
Nicotiana tabacum (Planchet et al. 2005), 
Nicotiana sylvestris (Shah et al. 2013), 
Populus sp. (Liu et al. 2015) or Zea mays 
(Mugnai et al. 2012). In plants, there are two 
main NO biosynthetic pathways (Gupta 
et al. 2011): reductive (nitrite-dependent 
reaction) and oxidative (L-arginine-
dependent reaction). Since L-arginine-
dependent NO production via both NO 
synthase-like enzymes or hydroxylamine- 
and polyamine-degradation requires oxygen, 
the nitrite-dependent pathway is believed to 
be the most active under low-oxygen stress.

In nitrite-dependent NO production in 
hypoxic roots, nitrate reductase (NR) is the 
first and the best-characterized step. This 
cytosolic enzyme catalyzes not only the 
reduction of nitrate to nitrite (leading to a 
proton consumption and NAD(P)+ regenera-
tion), but also the reduction of nitrite to NO 
(Rockel et al. 2002). By following NO emis-
sion from purified NR or from intact leaves 
under nitrogen (atmosphere made of 100% 
N2), the rate of NO production has been 
found to represent less than 1% of NR activ-
ity (Planchet et al. 2005). It should be noted 
that the Km for nitrite is estimated to be near 
100 μM and the reaction is competitively 
inhibited by nitrate (Ki=50 μM), suggesting 
that nitrite and nitrate are reduced by NR at 
the same active site (Kaiser et al. 2002; 
Rockel et al. 2002). Compared to ammo-
nium-cultivated or tungstate-treated plants 
in which NR activity is suppressed, nitrate-
fed plants produced higher amounts of both 
nitrite and NO during hypoxia or anoxia 
(Lea et al. 2004; Liu et al. 2015; Oliveira 
et al. 2013a; Planchet et al. 2005; Tischner 
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et al. 2004). The involvement of NR has 
been further confirmed using NR-deficient 
mutants which don’t accumulate nitrite and 
are unable to produce NO under anaerobic 
conditions (Planchet et al. 2005). The 
increase in NO synthesis under low oxygen, 
which is 100–1000 fold higher than under 
aerobic conditions, correlates to nitrite accu-
mulation which results from both (i) the 
stimulation of NR activity by post-transla-
tional modification (dephosphorylation on a 
conserved serine residue) triggered by cyto-
plasmic acidosis (Botrel and Kaiser 1997), 
and (ii) the concomitant inhibition of nitrite 
reductase (NiR) (Botrel et al. 1996). The 
high NR-dependent NO production under 
hypoxia could explain the beneficial effect 
of nitrate through the regeneration of 
NAD(P)+ which is required for glycolysis. In 
fact, nitrate reduction by NR has been sug-
gested to alleviate some of the effects of 
oxygen deficiency in diverse plant species 
during hypoxia (Allegre et al. 2004; Botrel 
et al. 1996; Horchani et al. 2011; Oliveira 
et al. 2013b).

Another enzyme, the plasma membrane-
bound nitrite:NO reductase (NI-NOR), is 
able to form NO from nitrite reduction using 
cytochrome c (instead of NADH) as an elec-
tron donor under very low oxygen mole frac-
tion (Stohr et al. 2001). In the apoplast, 
nitrite comes from secretion from the cytosol 
via transporters as well as nitrate reduction 
by plasma membrane-bound NR (PM-NR) 
which is differentially regulated as compared 
to cytosolic NR. The root-specific form of 
PM-NR uses succinate as an electron donor 
and needs acidic conditions (optimum activ-
ity at pH 6.1). Nitrite-dependent NO produc-
tion has been (i) shown to occur in root 
apoplast of N. tabacum after activation of 
apoplastic NR under oxygen deficiency and 
(ii) suggested to be regulated by the avail-
ability of oxygen in vivo, because NI-NOR 
activity is reversibly inhibited by oxygen 
(loss of 78% of the activity in ambient air) 
(Stohr and Stremlau 2006). Thus, it has been 
proposed that apoplastic NO production 

plays the role of a signal associated with 
oxygen deficiency (Stohr and Stremlau 
2006).

Although NR has been described to be the 
main NO source in higher plants, mitochon-
dria have also been shown to produce NO 
from nitrite using NADH as a reductant 
when dissolved oxygen is low or absent 
(Planchet et al. 2005; Tischner et al. 2004). 
However, the mechanism of nitrite transport 
into mitochondria is still not well under-
stood. Using inhibitors of the mitochondrial 
electron transport chain, nitrite-dependent 
NO generation in hypoxic or anoxic plant 
cells has been shown to occur at specific 
sites, such as complex IV (cytochrome c oxi-
dase; COX), complex III (cytochrome bc1, 
cytochrome c reductase) and alternative oxi-
dase (AOX) (Planchet et al. 2005; 
Stoimenova et al. 2007). Nevertheless, 
NO-generating mitochondrial activity in the 
absence of oxygen represents less than 1% 
of respiratory electron transport capacity of 
purified root mitochondria, and the Km value 
for nitrite is estimated to be near 175 μM 
(Gupta et al. 2005). It should be noted that 
the low rate of mitochondrial NO formation 
could also be explained by the high NO reac-
tivity (to be scavenged or oxidized) leading 
to an underestimation of NO formation. 
Nitrite-dependent NO production has been 
shown to occur at a higher rate in root mito-
chondria than in leaf mitochondria (Gupta 
et al. 2005), suggesting a specific role of NO 
in oxygen sensing and signaling in water-
logged plant roots.

B. Nitric Oxide, an Important 
Regulator of Plant Respiration 
Under Low-Oxygen Stress

Mitochondria of plants subjected to strict 
anoxic conditions show modifications in 
enzyme composition, but not in their ultra-
structure or metabolic activity unless nitrate 
is withdrawn from the medium (Vartapetian 
et al. 2003). This suggests that nitrate is a 
suppressor of the mitochondrial hypoxic 
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response, via a role in signaling or as a sub-
strate. In principle, nitrate could be a mito-
chondrial terminal electron acceptor, but no 
evidence has been provided so far. Nitrate 
has also been suggested to act indirectly via 
nitrite, which in turn would be an electron 
acceptor sustaining NAD(P)H re-oxidation 
(Igamberdiev and Hill 2004) and anaerobic 
mitochondrial ATP synthesis (Stoimenova 
et al. 2007). In fact, the involvement of nitrite 
has been shown in nitrate-mediated modula-
tion of fermentative metabolism in soybean 
roots under oxygen deficiency (Oliveira 
et al. 2013b). In this study, ethanol and lac-
tate content decreased while NO production 
was stimulated upon exogenous nitrite sup-
ply to root segments detached from plants 
cultivated with ammonium (not nitrate) as a 
nitrogen source. This shows a negative cor-
relation between NO production and the 
metabolic flux in fermentation. Furthermore, 
nitrite-dependent NO emission was sensitive 
to potassium cyanide (a potent inhibitor of 
complex IV). Although mitochondrial 
nitrite-dependent NO production occurs 
under hypoxia or anoxia, long-term in vivo 
exposure of mitochondria to NO leads to 
typical mitochondrial dysfunctions. NO can 
react with various proteins of the respiratory 
chain containing thiol groups and transition 
metals (Fe in iron-sulfur centers and haem) 
causing post-translational modifications 
such as S-nitrosylation and metal-nitrosyl-
ation and thus an impairment of respiration. 
Accordingly, hypoxia has been shown to 
induce an increase in S-nitrosylated com-
pounds in A. thaliana roots (Hebelstrup et al. 
2012).

1.  Nitric Oxide Mitochondrial Targets

NO can have a dual effect on cell energetics 
depending on its mitochondrial targets. Here, 
two main targets are discussed: the mito-
chondrial electron chain and aconitase 
(enzyme of the TCA cycle).

NO is a reversible inhibitor of cytochrome 
oxidase (COX, complex IV) by competing 

with oxygen at the binuclear center, and thus 
interfere with respiratory chain activity 
(Cooper 2002). At low oxygen concentra-
tion, NO is an alternative electron acceptor 
and interacts with either the ferrous haem 
iron atom or oxidized cupper of COX (but 
not both simultaneously). The Km for O2 of 
COX has been reported to be within the 
order of 140 nM (Millar et al. 1994) and 
could rise to 1 μM after NO inhibition 
(Cooper 2002). It is worth noting that the 
inhibition coefficient of O2 (Ki) for mito-
chondrial NO production is about 150 nM, 
which is very close to the Km for oxygen of 
COX (Gupta et al. 2011). Since NO accumu-
lates under hypoxia, the inhibitory effect of 
NO on COX has been shown to lead to a 
decrease in (i) oxidative phosphorylation 
(Yamasaki et al. 2001) and thus (ii) meta-
bolic response to low oxygen (Geigenberger 
et al. 2000). NO-induced COX inhibition 
may effectively contribute to decrease oxy-
gen consumption since NO has been demon-
strated to induce an increase in intratissular 
O2 in seeds (Borisjuk et al. 2007). Therefore, 
the control of respiratory activity and oxy-
gen concentration by endogenous NO is 
likely mediated by its binding to COX.

That said, the mitochondrial alternative 
oxidase (AOX) is insensitive to NO. On the 
one hand, the Km of AOX for O2 is about 
10 μM thus AOX activity is probably modest 
at low oxygen (Affourtit et al. 2001). But on 
the other hand, AOX is essential when the 
cytochrome pathway is slowed down by lim-
iting O2 concentration. In general, it is 
believed that AOX, while not contributing to 
proton gradient formation, reduces electron 
pressure on the ubiquinone pool thus pre-
venting superoxide generation (Cvetkovska 
and Vanlerberghe 2012). This means that 
nitrite-dependent NO production strictly 
depends on AOX activity, which can regu-
late the commitment of electrons to com-
plexes III and IV and thus to nitrite. The 
maintenance of mitochondrial electron flow 
through AOX, even at high NO concentra-
tions, is considered to be a key aspect of 
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plant survival under oxygen deficiency 
(Gray et al. 2004; Millar and Day 1996). 
Transcription of genes encoding AOX has 
been shown to be up-regulated by NO and by 
the increase in citrate, which comes from 
NO-mediated inhibition of aconitase under 
hypoxic conditions (Gray et al. 2004; Gupta 
et al. 2012). It has been suggested that the 
induction of genes encoding AOX under 
hypoxia anticipates the increased production 
of reactive oxygen species (ROS) naturally 
occurring during reoxygenation following 
hypoxia (Maxwell et al. 1999).

Aconitase (aconitase hydratase) catalyzes 
the reversible isomerization of citrate to iso-
citrate via a cis-aconitate intermediate. The 
cytosolic isoform of aconitase is affected by 
NO. In fact, Gupta et al. (2012) have shown 
that under hypoxic conditions, the citrate 
content in WT plants increased by 70% com-
pared to aerobic conditions, whereas in NR-
deficient plants, it was strongly reduced 
(almost twofold). The citrate content was 
negatively correlated to aconitase activity. 
Interestingly, NO-induced inhibition of 
aconitase is more effective at low pH 
(Gardner et al. 1997), a condition that occurs 
under hypoxia. From a chemical point of 
view, NO interferes with the iron-sulfur 
(4Fe-4S) center of the protein leading to 
metal (Fe) nitrosylation. The inhibition of 
aconitase activity by NO leads to (i) a 
decrease in TCA cycle activity and thus cel-
lular energy metabolism, (ii) a decrease in 
ROS generation due to a reduced electron 
flow through the mitochondrial electron 
transport chain (Navarre et al. 2000), (iii) an 
increased supply in organic acids, due to the 
outflow of citrate from the TCA cycle, and 
(iv) a decrease in 2-oxoglutarate availability, 
which is the substrate for nitrogen assimila-
tion into amino acid (Gupta et al. 2012).

2. Involvement of Nitric Oxide 
in Maintaining Energy and Redox Status

Obviously, hypoxia affects mitochondrial 
ATP generation due to the lack of O2 as a 

terminal electron acceptor. ATP generation 
by glycolysis and fermentation is not very 
efficient since the ATP yield (ATP produced 
per molecule of glucose) is much less than 
that generated aerobically by the mitochon-
drial electron transport chain. As stated 
above, nitrite-dependent NO production 
inhibits O2 consumption by complex IV and 
thus indirectly down-regulates respiratory 
O2 consumption. This in turn may avoid 
rapid oxygen depletion, especially in seeds 
and seedlings development, thus postponing 
complete anoxia. In other words, NO could 
be beneficial under hypoxic conditions to 
maintain minimal O2 and ATP production by 
slowing down the respiration (Borisjuk et al. 
2007). Under such an assumption, NO con-
centration would have to be controlled rather 
than simply accumulated. As a matter of fact, 
NO concentration is believed to be con-
trolled by haemoglobins (Hb), although 
plant Hbs are absent from mitochondria and 
are located in the cytosol and the nucleus 
(Dordas et al. 2003; Igamberdiev and Hill 
2004).

Class-1 non-symbiotic haemoglobin 
(nsHbs), also called phytoglobins in plants, 
can bind O2 at very low concentration. The 
O2 dissociation constant is estimated to be 
within the range 2–3 nM. That is, they can 
bind O2 at concentrations two orders of mag-
nitude below those required for saturating 
COX (Igamberdiev et al. 2014). Therefore, 
at concentrations where oxyhaemoglobin 
(nsHb-O2) dissociates (below 2 or 3 nM O2), 
COX does not consume oxygen. nsHbs can 
also scavenge NO due to the high propensity 
of NO to react with the redox-active cysteine 
residue within the distal haem pocket. This 
suggests that NO degradation by nsHbs may 
occur at oxygen concentrations that are low 
enough to impair mitochondrial respiration. 
The induction of nsHb gene expression has 
been shown to occur under hypoxia (Liu 
et al. 2015; van Dongen et al. 2009), but also 
after nitrate, nitrite and NO treatments and 
disruption of ATP synthesis (Nie and Hill 
1997; Ohwaki et al. 2005). Interestingly, 
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HB1 overexpressed in Arabidopsis contrib-
uted to increase plant tolerance and survival 
under hypoxia, with a reduction in NO con-
centration and constant ATP level. 
Conversely, nsHb-underexpressing lines 
accumulated NO to a concentration 2.5-fold 
higher than in nsHb-overexpressing lines, 
and were less tolerant to hypoxia (Dordas 
et al. 2003). These results show that nsHbs 
prevent excessive hypoxia-induced mito-
chondrial NO production and thus presum-
ably, also nitrosative stress (Perazzolli et al. 
2004).

The mechanism of NO detoxification 
probably starts with diffusion across the 
mitochondrial membrane into the cytosol. 
NO is then converted (oxidized) to nitrate by 
oxyhaemoglobin (denoted as nsHb[Fe2+]O2) 
(Fig. 10.3). nsHb[Fe2+]O2 is in turn con-
verted to methaemoglobin (in which Fe2+ is 
oxidized to Fe3+; it is denoted as nsHb[Fe3+]). 
The redox half-equations considered are as 
follows: nsHb[Fe2+]O2 + 4 H+ + 3 e− → 
nsHb[Fe3+] + 2 H2O (E0 ≈ 1.10 V) and NO + 
2 H2O → NO3

− + 4 H+ + 3 e− (E0 = 0.96 V). 
nsHb[Fe2+] is regenerated from nsHb[Fe3+] 
via a cytosolic monodehydroascorbate-
dependent reductase (methaemoglobin 
reductase) that yields NAD(P)+ (Igamberdiev 
et al. 2006). In the cytosol, nitrate generated 
from NO oxidation by haemoglobin may be 
reduced by NR to nitrite, also leading to 
NAD(P)+ formation. Nitrite is then believed 
to be transferred back to the mitochondrial 
matrix through an unknown transporter 
(Horchani et al. 2011) and could serve as a 
substrate for mitochondrial NO production 
or terminal electron acceptor with NAD(P)H 
as electron donors (Stoimenova et al. 2007). 
These reactions thus define a cycle where 
NO is produced, bound to nsHbs, degraded 
and then eventually reformed.

At this stage, the yield of ATP production 
is important to consider so as to appreciate 
the involvement of NO in respiratory metab-
olism. The yield of anaerobic ATP produc-
tion per NAD(P)H oxidized is about one in 
hypoxia-resistant plants (like rice) and is 

lower (around 0.7) in hypoxia-sensitive 
plants (barley) (Stoimenova et al. 2007). 
This means that for a given redox ratio 
NAD(P)H/NAD(P)+, the ATP/ADP ratio is 
maintained in rice under hypoxia while in 
barley, NADH re-oxidation event is less effi-
ciently coupled to ATP generation due to, 
e.g. AOX or alternative, non-proton pump-
ing electron transfers. Mitochondrial oxida-
tion of cytosolic NADH and NADPH and 
electron transfer to ubiquinone can also be 
catalyzed by non-proton pumping dehydro-
genases present on the external side of the 
inner mitochondrial membrane (so-called 
“external” NAD(P)H dehydrogenases). 
External NAD(P)H dehydrogenases are 
stimulated at high calcium (Ca2+) concentra-
tion (Fig. 10.3), a cellular condition observed 
under hypoxia (Subbaiah et al. 1998). 
Furthermore, NO is able to stimulate Ca2+ 
release from mitochondria (Richter 1997). In 
summary, NO reconfigures respiratory redox 
metabolism since it inhibits electron flow 
through the cytochrome pathway (maybe in 
favor of AOX) and stimulates NADH re-oxi-
dation by alternative dehydrogenases. Also, 
as mentioned above, the involvement of hae-
moglobin in NO turn-over represents an 
alternative pathway (aside fermentation) for 
NAD+ regeneration under low oxygen 
(Igamberdiev et al. 2010).

IV.  Conclusion

Unlike animals, plants do not have a general 
system for oxygen delivery or direct oxygen 
sensing that triggers an organism-scale adap-
tive response. Despite this apparent weak-
ness, plants exhibit a higher tolerance to low 
oxygen stress than animals. In fact, plants 
are able to survive much longer periods of 
oxygen shortage than animals: for example, 
up to several hours or several days of water-
logging- or submergence-induced hypoxia 
or anoxia, even in species not adapted to 
submersed soils or flooded areas. Recent 
transcriptomic, metabolomic and fluxomic 
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data have been instrumental in defining how 
C and N metabolisms are reorchestrated 
under low oxygen stress. In other words, the 
relatively good tolerance of plants to low 
oxygen seems to come from their ability to 
change metabolism. This involves enzyme 
regulations (TCA cycle, glycolysis, fermen-
tation, and amino acid metabolism) triggered 

by indirect sensing of oxygen deficiency via 
alterations in, e.g. the redox poise (NADH/
NAD+ ratio), energy status (ATP content), 
reactive oxygen species (ROS), and nitric 
oxide (NO) production. Transcriptionally-
controlled responses that depend on oxygen 
signaling based on the NERP proteolysis 
system are induced after O2 cellular concen-

Fig. 10.3. NO Production and its role in energy and redox metabolism through the haemoglobin-NO 
cycle under oxygen deficiency. NO is produced by reductive pathways using nitrite as a substrate either by 
apoplastic NiNOR, cytosolic NR and/or mitochondrial electron transport chain. NO can be scavenged in the 
cytosol by oxyhaemoglobin (nsHb[Fe2+]O2), regenerating nitrate and methaemoglobin (nsHb[Fe3+]) which is 
then reduced by methaemoglobin reductase (MetHbR). This nsHb-NO cycle contributes to cellular redox balance 
during hypoxia because it involves NAD(P)H oxidation events. As usual, ATP synthesis stems from the trans-
membrane electrochemical gradient generated by proton pumping along the mitochondrial electron transport 
chain. Scheme modified from Stoimenova et al. (2007). Abbreviations: C, cytochrome c; D, calcium-dependent 
mitochondrial NADH dehydrogenase; NiRT, nitrite transporter; NPF, nitrate transporter1/peptide transporter 
family; NRT; nitrate transporter; UQ, ubiquinone.
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tration reaches a yet unknown threshold. 
Although not well characterized yet, the 
transcriptional response likely plays a role in 
both mid-term metabolic changes from aero-
biosis to anaerobiosis and long-term adap-
tive effects such as hormone-dependent stem 
elongation and aerenchyma development.
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Summary

CAM metabolism involves a CO2 concentration mechanism in which organic acids are used 
as transitory carbon storage. The substrate on which CO2 is fixed derives from sugars via 
glycolysis. Therefore, CAM metabolism is intrinsically linked to enzymatic steps of catabo-
lism and respiration. Respiration is essential to recycle products of malate metabolism (pyru-
vate) or to provide energy and reductive power sustaining malate synthesis and accumulation. 
Despite this importance, many aspects of CAM respiration are not well known, including 
flux quantitation, regulation and possible alternative pathways. The present Chapter sum-
marizes key concepts and known enzymatic actors and emphasizes the need for a greater 
precision in CAM respiratory pathways.
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I.  Introduction

There are currently intense efforts to better 
understand the regulation of crassulacean 
acid (CAM) metabolism because under dry 
conditions (which are expected to be more 
frequent due to climate change), CAM plants 
perform well due to their CO2 concentration 
mechanism (Fig. 11.1). Botanical history 
comprises famous examples of dramatically 
invasive CAM plants, showing their com-
petitiveness under adapted environmental 
conditions. For example, prinkly pear 
(Opuntia ficus-indica) was introduced at the 
end of the eighteenth century in Australia 
and rapidly became invasive: in the 1920s, it 

occupied Northern New South Wales and 
Eastern Queensland, a territory equivalent to 
the size of the UK. In addition to advantageous 
life traits (such as vegetative reproduction), 
the success of CAM plants under such 
circumstances probably comes from 
photosynthetic properties. In fact, energy 
conversion into organic matter and biofuel is 
believed to be better in CAM plants than in 
C3 or C4 under arid conditions (Davis et al. 
2014). Water use efficiency might be up to 
10 mmol CO2 mol−1 H2O, that is, about the 
double of that in C3 crops (Borland et al. 
2009). However, the impact of respiration on 
net carbon balance and water use efficiency 
is not very well established, simply because 
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PEPC

Glycolysis

DARK
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CO2 + PEP
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Fig. 11.1. Summary of CAM metabolism showing dark and light phases (phase I and phase III, respectively). 
For clarity, intermediate phases (II and IV) are not shown here. Citrate metabolism in citrate-accumulating CAM 
plants is shown in blue. The question mark (?) stands for the hypothetical (but not demonstrated yet) involvement 
of the glyoxylic cycle to convert citrate into malate. Specific reactions associated with ME-CAM and PEPCK-
CAM plants are framed with a grey box. Abbreviations: ACO aconitase, CS citrate synthase, GC glyoxylic cycle, 
MDH malate dehydrogenase (here no distinction is made between NAD- and NADP- dependent forms), ME 
malic enzyme, OAA oxaloacetate, PDH pyruvate dehydrogenase complex, PEPC phosphoenolpyruvate (PEP) 
carboxylase, PEPCK PEP carboxykinase, PK Pyruvate kinase
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respiratory CO2 evolution cannot be easily 
measured by gas exchange. That is, CO2 
produced by respiration can be refixed both 
in the light and in the dark. In the dark, 
respired CO2 can be refixed by 
phosphoenolpyruvate carboxylase (PEPC) 
and the respiratory flux is thus masked by 
dark fixation. In the light, stomata are closed 
and CO2 acid decarboxylation and 
photosynthetic fixation dominate CO2 fluxes. 
Therefore, the term “respiration” based on 
CO2 exchange is not well suited to CAM 
plants, at least from a practical and/or 
experimental point of view. Also, respiration 
can be monitored using O2 consumption 
rather than CO2 liberation, but this includes 
NADH metabolism (e.g. oxaloacetate 
reduction to malate in the dark) that decreases 
O2 consumption and ATP consumption for 
malate accumulation, that increases O2 
consumption. Here, the term “respiration” 
will refer to the pathway that converts sugars 
or triose phosphates to CO2 via mitochondrial 
metabolism, regardless of observed gas 
exchange. Respiration in CAM plants is 
complicated by metabolic branching points 
between glycolysis and the CO2 concentration 
mechanism, and the possibility of refixation. 
In other words, respiration plays a key role 
in CAM plants to sustain CO2 assimilation. 
This chapter will focus on enzymes, 
presumed metabolic fluxes and anticipated 
impacts of respiration.

II. Respiratory Pathways 
and Enzymatic Activities

A.  Malate Channeling

In early studies of CAM biology, CO2 fixa-
tion at night had been assumed to involve a 
reverse Krebs cycle (B. Osmond, personal 
communication), thereby linking CAM 
metabolism to respiration. Later studies 
proved that dark fixation of CO2 involved 
PEPC. However, mitochondrial metabolism 
plays a key role in CAM metabolism.

Source carbon consumed by respiration at 
night is made of sugars: starch, glucans or 
soluble sugars depending on the CAM type 
and the species. Mass balance calculations 
have shown that in some species, the 
nocturnal decrease in hexoses cannot account 
for malate accumulation and other carbon 
sources are used, such as starch (see e.g. 
Kenyon et al. 1985). This indicates that 
stored carbon used at night can be a 
combination of different forms. Glycolysis 
yields phosphoenolpyruvate (PEP) then 
utilized by either PEPC (for CO2 uptake) or 
pyruvate kinase (to feed the Krebs cycle). It 
is worth noting that the PEPC is cytoplasmic, 
thereby producing oxaloacetate in the 
cytosol. The latter is then reduced to malate 
prior to vacuolar accumulation. Should 
malate penetrate back the mitochondria, it 
would integrate the Krebs cycle and feed 
respiration. Conversely, part of malate 
molecules generated in the mitochondrion 
by the Krebs cycle could go back to the 
cytosol and contribute to vacuolar build-up 
of malate. The partitioning between 
accumulation and degradation (and exchange 
through mitochondrial transporters) is thus 
certainly an essential point of regulation. 
However, the metabolic partitioning of 
malate (or oxaloacetate) in vivo is not well 
documented.

In the light, the utilization of stored malate 
produces pyruvate (ME-CAM plants) or 
PEP (PEPCK-CAM plants). For the meta-
bolic system to be viable, it is a strict require-
ment that most carbon atoms are recovered 
and not lost. In practice, it occurs via CO2 
refixation from respiration or gluconeogene-
sis (Black et al. 1996). In PEPCK-CAM 
plants such as Ananas, in vitro assays with 
mitochondria has shown that mitochondrial 
malate oxidation (by malate dehydrogenase, 
mMDH) to oxaloacetate (which is then 
transported back to the cytosol) is essential 
to feed PEPCK activity and thus decarboxyl-
ation (Hong et al. 2004). Similar conclusions 
have been reached in Hoya carnosa, a 
PEPCK-CAM plant, where evolved 
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 oxaloacetate returns back to the cytosol in 
the form of aspatarte (Kim Hong et al. 2008). 
In Kalanchoë, a ME-CAM plant, 
mitochondria assayed in vitro readily oxidize 
malate to pyruvate and this is enhanced in 
the presence of oxaloacetate (Rustin and 
Lance 1986). More generally, malate 
metabolism is favored under assay conditions 
that accelerate NADH reoxidation to NAD 
(Gardeström and Edwards 1985). Enzymatic 
activities also seem to depend on pH 
conditions, with more malate oxidation by 
mMDH at high pH (alkaline conditions) and 
ME-catalyzed decarboxylation at lower pH 
(reviewed in Gardeström and Edwards 
1985). Such an effect of chemical conditions 
is believed to reflect malate metabolism in 
vivo, that is, the prevalence of decarboxylation 
by ME (over oxidation by mMDH) upon 
cytoplasm acidification in the light when 
malate is released from the vacuole.

B.  Involvement of Alternative Pathways

In vivo, the way by which electrons from 
NADH reoxidation are channeled (alterna-
tive dehydrogenases, dehydrogenation via 
the cytochrome pathway or alternative oxi-
dase) appears to be rather complicated. In 
CAM-induced leaves of Mesembryanthemum 
crystallinum, an increase in the commitment 
to the alternative pathway (cyanide 
insensitive) has been found as compared to 
non-induced (C3) leaves (von Willert and 
Schwöbel 1978). However, leaf mitochondria 
from several CAM species assayed in vitro 
have been found to be highly sensitive to 
cyanide irrespective of the oxidant used, 
except for Kalanchoë (Peckmann et al. 
2012). The use of 16O/18O fractionation in 
oxygen consumption has suggested that in 
Kalanchoë, the commitment of electrons to 
alternative oxidase varies, being about 30% 
at night and 45% in the light; such an increase 
accounts for the increase in total respiration 
observed in the light (Robinson et al. 1992). 
This suggests that alternative oxidase serves 
as an extra NADH-reoxidation pathway 

when excess NADH is produced upon 
deacidification. Of course, this has 
consequences for ATP synthesis since this 
pathway is non-phosphorylating and thus 
lowers the P/O ratio (number of ATP 
generated per ½ O2).

Mitochondria from Sedum praealtum 
(ME-CAM plant) seem to be resistant to 
rotenone suggesting that complex I NADH 
dehydrogenase can be bypassed (Arron et al. 
1979). Rotenone-insensitive substrate 
oxidation was also estimated to be larger 
than 50% (sometimes up to 90%) in all 
assayed CAM species (Peckmann et al. 
2012). The considerable involvement of 
alternative NADH dehydrogenases may 
provide a larger capacity for oxidation when 
excess NADH is produced in the light. This 
may be beneficial to mitochondrial and 
cytoplasmic redox ratio NAD(P)H/NAD(P) 
and prevent dehydrogenases from being 
back-inhibited by their products.

C.  Genomic Data

In the past years, next generation sequencing 
has allowed some progress in the knowledge 
of CAM plant genomes. There is presently no 
fully annotated and validated genome of 
CAM plants, so that comparisons and BLAST 
queries are made difficult. Still, there is useful 
information available in at least Agave 
desertii, Phalaenopsis equestris and 
Mesembryanthemum crystallinum. Close 
inspection of available data from ESTs in 
Mesembryanthemum (Cushman et al. 2008), 
genome sequencing in Phalaenopsis (Cai 
et al. 2014) and proteomics in Agave (Shakeel 
et al. 2013) can be used to look at genes 
potentially involved in glycolysis and 
respiration (Table 11.1). Recently also, some 
genomic data have been collected in Ananas 
(Zhang et al. 2014). Table 11.1 presented 
here is a selection focused on catabolism that 
does not include genes/ESTs/proteins 
involved in mitochondrial electron transfer, 
aminotransferases or CAM metabolism per 
se. As expected, it can be seen that most 
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enzyme activities are represented (with 
several isoforms represented, e.g. for 
isocitrate dehydrogenases). Enzymes that are 
missing in this list will be ultimately found 
when genome analyses and annotation are 
completed. On the other hand, it is worth 
noting potential occurrence of specific 
enzymatic activities not represented in 
Arabidopsis such as alanine dehydrogenase 
in Agave. Alanine dehydrogenase catalyzes 
alanine oxidative deamination to pyruvate + 
NH4

+. This reaction could be involved in 
sustaining pyruvate synthesis either for 
gluconeogenesis or respiration and thus 
CAM metabolism in the light (see also Sect. 
3 below). Similarly, two peptides associated 
with aspartase have been detected in 
Mesembryanthemum. The aspartase family 
include enzymes that catalyze rather different 
reactions (Viola 2000). In Arabidopsis, there 
are three aspartase-like proteins that are 
chloroplastic enzymes believed to be 
involved in IMP biosynthesis or have 
argininosuccinate lyase activity, both 
evolving fumarate. However, none of these 
enzymatic activities has been checked 
experimentally or characterized yet. 
Regardless of the biological function in 
Arabidopsis, a true aspartase activity 
(aspartate cleavage to fumarate + NH4

+) 
could be advantageous in CAM metabolism 
by sustaining oxaloacetate provision in the 
light. There is clearly a need in detailed 
analysis of catabolic enzymatic capabilities 
in CAM plants and hopefully, this will be 
addressed in the near future with functional 
genomics.

III. Respiratory Flux and Pyruvate 
Utilization

A. The Issue of (Phosphoenol)
Pyruvate Recycling

The overall flux to respiration in the light is 
difficult to measure because of (i) limited 
gas exchange (stomata are closed), (ii) 

intense CO2 recycling, and (iii) O2 evolution 
by photosynthesis. In the dark, while CO2 
fixation compromises measurement of CO2 
evolution, O2 consumption should reflect 
respiration, corrected for NADH used to 
reduce oxaloacetate to malate and ATP 
consumption for malate storage. In practice, 
such measurements are also made difficult 
by the contribution of non-photosynthetic 
tissues (hydrenchyma, water-storing 
parenchyma) to observed gas exchange 
(Lüttge and Ball 1987). Metabolic mass 
balance would require that in the dark, the 
flux of respiration is adjusted to match 
requirements in NADH (oxaloacetate 
reduction to malate) and ATP (active 
transport into the vacuole) – in addition to 
ordinary growth and maintenance respiratory 
needs. In the light, the flux associated with 
respiration depends upon the privileged 
pathway used for carbon recovery. In 
ME-CAM plants, pyruvate produced by ME 
can either be (i) recycled by photosynthesis 
via complete degradation into CO2 by 
respiration and then refixation or (ii) recycled 
by gluconeogenesis. Similarly in PEPCK-
CAM plants, PEP evolved by PEPCK can 
either be recycled by catabolism + refixation 
or gluconeogenesis. In principle, it is likely 
there is a combination of both pathways, 
simply because gluconeogenesis requires 
ATP and NADH that can be provided by 
respiration. Of course, the energetic 
efficiency differs between the two pathways, 
but CAM plant metabolism does not 
necessarily opt for the most efficient one, 
because it likely depends on overall 
requirements for maintenance and growth.

B.  Flux Calculations

The direct observation of metabolic flux 
using isotopic tracers has been done using 
14C substrates and defined the essential 
pathways of CAM assimilation (Sutton and 
Osmond 1972; Osmond and Allaway 1974). 
Labeling with 14C-pyruvate has shown that 
in ME-CAMs, most of the isotopic tracer 
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ended up in glucans rather than Krebs cycle 
intermediates (Holtum and Osmond 1981). 
However, up to now, no fluxomics analysis 
with 13C has been done in CAM plants. 
Therefore, there is presently little data on the 
commitment of PEP and pyruvate into catab-
olism in vivo. As pointed out recently by 
Peckmann and coworkers (Peckmann et al. 
2012), “how much of the resulting pyruvate 
is exported and feeds into gluconeogenesis 
or enters the TCA cycle to be totally oxidized 
to CO2 is still unknown.” Some calculations 
have been done based on mass balance 
between hexose-phosphates utilization in the 
dark and light phases (Winter and Smith 
1996). However, such calculations do not 
integrate explicitly all NADH production 

and consumption events and are not suitable 
for predicting respiratory metabolic fluxes in 
details. Here, simple calculations in 
ME-CAM plants are presented that comprise 
ATP, NADH and FADH2 generation by 
respiratory reactions and have hexose utili-
zation as a variable parameter (Fig. 11.2). 
Assuming that NADH and ATP demands 
should match production (by respiration and 
malate decarboxylation) over a diurnal cycle, 
the metabolic flux to pyruvate dehydroge-
nase and the Krebs cycle associated with 
CAM metabolism can be solved analytically 
and thus calculated. Again, these calcula-
tions have a degree of liberty since they 
depend on hexose phosphates utilization for 
growth and maintenance (denoted as g in 

Carbohydrates
(Starch or hexoses)

PEP

Malate

Pyr

DARK

LIGHT

Malate

Pyruvate + CO2

PEP

Assimilation
Calvin cycle

Triose phosphates
Carbohydrates

(Starch or hexoses)

OAA

1 CO2
1 NADH

Vacuolar organic acids
accumulation

2 CO2 + 3 NADH + 1 FADH2 + 1 ATP

1 NADH

4 CO2 + 6 NADH + 2 FADH2 + 2 ATP1 ATP

NADH + 
Acetyl-CoA 3 NADH + 1 FADH2

+ 2 CO2 + 1 ATP 

Hexose phosphates

Growth and 
maintenance

1 NADH

1 ATP + 1 NADH

2 ATP

2 NADH + 1 ATP

ξ ATP (2)

1 ATP

p (100%)

g1.53
7.76

10.12HCO3
-

10.12

10
0.12

0.14

10

5.13

13.33

16.7

CAM-related respiratory
CO2 production:

0.14´3 + 0.12´4 = 0.94

CAM-related respiratory
CO2 production:

2.2´3 = 6.71

5.13

a b

Fig. 11.2. Example of flux calculation assuming a steady-state on ATP production in CAM metabolism. (a) 
Flux values obtained under ‘typical’ conditions with assimilation (malate accumulation rate) fixed at 10 μmol 
m−2 s−1. Values shown in blue correspond to averages obtained over the range of possible g values (i.e. g values 
that allow to solve equations with all respiratory fluxes being positive). The range of possible g values is narrow 
(1.515–1.544). Parameters that can be varied (in panel b) are shown with symbols: ξ (ATP consumption to pro-
duce or store reserve carbohydrates) and p (proportion of respired CO2 that is refixed. Flux values shown here in 
blue assume that ξ = 2, p = 100% and a P/O ratio of 2.5 (NADH) and 1.5 (FADH2), and are relative to consume 
substrate (in other words, a stoichiometric coefficient has to be accounted for if expressed in evolved product). 
For example, triose phosphates production is 13.33 μmol m−2 s−1 in triose equivalents and 6.66 μmol m−2 s−1 in 
hexoses equivalents. (b) Plot showing respiratory CO2 production in the dark (solid line) and in the light (dashed 
line) and gluconeogenesis (dotted line), against the range of possible g values. Four scenarios are shown here: 
‘typical’ conditions (black), low P/O (2 for NADH and 1 for FADH2, blue), ξ = 3 (pink) and p = 90% (red). In 
both a and b, respiratory malate degradation in the dark is assumed to yield 6 NADH and 2 FADH2 just by con-
sidering two full rounds of the Krebs cycle. Other pathways are possible, leading to a slightly different stoichiom-
etry. For example, a combination of ME, PDH and Krebs cycle (one round) would yield 5 NADH and 1 FADH2
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Fig. 11.2) – although possible values of g fall 
within a very narrow range to keep all of 
metabolic fluxes positive. Growth and main-
tenance respirations are rather poorly pre-
dictable and cannot be accounted for in this 
type of calculation (thus to compute total 
respiratory flux, one would have to add it if it 
is separately known). That is, computed res-
piration rates should be regarded as minimal 
and only related to CAM metabolism per se.

Under the assumption that (i) CO2 assimi-
lation is 10 μmol m−2 s−1 (this value plays the 
role of a scaling parameter), (ii) the P/O ratio 
is 2.5 (NADH oxidation) or 1.5 (FADH2 oxi-
dation), (iii) 100% of decarboxylated CO2 is 
refixed in the light and (iv) hexose phos-
phates accumulation and remobilization rep-
resents a cost of 2 ATP, then the respiration 
rate (respiratory CO2 production) is near 
1 μmol m−2 s−1 in the dark and 6.7 μmol 
m−2 s−1 in the light. Pyruvate generated in the 
light from malate decarboxylation is used by 
gluconeogenesis at 78% (i.e. 7.8 μmol 
m−2 s−1) and pyruvate dehydrogenase at 22% 
(2.2 μmol m−2 s−1). In the dark, PEP utiliza-
tion by pyruvate kinase and catabolism rep-
resents about 1% of PEP production and 
similarly, malate degradation by catabolism 
represents about 1% of malate synthesis. Of 
course, such numbers can vary depending on 
chosen parameters but they are not very sen-
sitive to refixation efficiency (illustrated 
with 90% in Fig. 11.2) and similarly, they 
remain rather similar when the P/O ratio is 
lower (a situation that may occur when 
increasing the alternative oxidase bypass). 
The computation also indicates that the total 
ATP requirement per assimilated CO2 is 
about 5.2 (instead of 3 in classical C3 photo-
synthesis), due to extra ATP cost in gluco-
neogenesis, hexose phosphates metabolism 
and malate accumulation. Should metabolite 
transport and remobilization be neglected 
(malate accumulation in vacuole, hexose 
phosphates conversion to starch or sucrose 
and remobilization), the cost would then be 
of about 4.1. The extra ATP requirement of 
CAM metabolism is accommodated by res-

piration and in fact, pyruvate consumption 
by respiration in the light generates 28 μmol 
ATP m−2 s−1. In other words, respiration is 
essential to provide ATP to sustain gluconeo-
genesis in the light. Calculations would be 
rather similar with PEPCK-CAM plants, 
except for the cost of gluconeogenesis that 
would be 2 ATP per malate molecule instead 
of 3 and as a result, the ATP cost of CO2 
assimilation drops to 3.8.

C.  Gluconeogenesis

Gluconeogenesis is clearly anticipated to be 
associated with a quite large flux, since 
about 58% of triose phosphates synthesis 
comes from pyruvate recycling by gluco-
neogenesis (Fig. 11.2). Apart from the origi-
nal work using 14C-pyruvate showing 14C 
activity in sugars (Holtum and Osmond 
1981), direct experimental evidence for glu-
coneogenesis is lacking. Recently, examina-
tion of the intramolecular natural isotope 
abundance (δ13C) in sucrose from pineapple 
juice has provided further support for con-
siderable gluconeogenesis activity (Gilbert 
et al. 2011, 2012). In fact, within both fruc-
tosyl and glucosyl moieties of sucrose, C-1 
and C-6 positions are strongly 13C-depleted 
(up to 25‰) compared with C-2 and C-5 (in 
non-CAM plants, the isotopic offset between 
C-1/C-6 and C-2/C-5 is about 3‰ only). 
This very distinctive δ13C-pattern has been 
interpreted as coming from gluconeogenesis 
because the recycling of pyruvate (in 
ME-CAM plants) or PEP (in PEPCK-CAM 
plants) to glucose is likely associated with 
isotope effects against 13C causing the deple-
tion in C-1 and C-6. In Ananas (PEPCK-
CAM plant), oxaloacetate is converted to 
PEP by the PEPCK. PEPCK of the C4 plant 
Chloris gayana has an isotope effect against 
13C during carboxylation of PEP to oxaloac-
etate (Arnelle and O’Leary 1992) and it must 
also be the case during PEP synthesis 
(reverse direction). The synthesis of pyru-
vate by ME, which catalyzes a similar reac-
tion, is associated with an isotope 
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fractionation of 21‰ and −13‰ in C-3 and 
C-2, respectively (Edens et al. 1997) leading 
to a 13C-depletion in C-3 and a 13C-enrichment 
in C-2 in pyruvate. In other words, in 
ME-CAM plants, the isotope fractionation 
by ME depletes in 13C the C-3 position in 
pyruvate; this is the position that gives rise 
to both C-1 and C-6 positions in glucose 
through gluconeogenesis. If fractionations 
are similar in PEPCK, the inverse isotope 
effect in C-2 (that favors 13C) and the normal 
isotope effect in C-3 (against 13C) simply 
explains the typical isotopic offset between 
C-1/C-6 and C-2/C-5 positions in pineapple 
glucose.

IV.  Citrate Accumulation

While some emphasis has been given to 
malate, some CAM plant species do accu-
mulate organic acids other than malate dur-
ing acidification (during the night), such as 
citrate. Citrate accumulation has been shown 
in several species such as Kalanchoë, 
Bryophyllum and Clusia (Kenyon et al. 
1985; Lüttge 1988; Franco et al. 1990). 
Isocitrate accumulation has also been found 
(see Chen et al. 2002 and the introduction 
therein). Citrate and isocitrate production 
requires steps of the Krebs cycle since oxa-
loacetate condenses with acetyl-CoA to yield 
citrate (citrate synthase reaction) and then 
isocitrate via aconitase.

The biological significance of citrate 
accumulation is still not clear, since there are 
metabolic advantages and disadvantages 
(Lüttge 1988). On the one hand, citrate syn-
thesis is less carbon-efficient than malate 
accumulation because one molecule of hex-
ose phosphate generates only one citrate 
molecule (one PEP being used for oxaloace-
tate synthesis, another one being converted 
to pyruvate and then CO2 + acetyl-CoA) and 
is associated with a net CO2 fixation of zero 
(bicarbonate fixation by the PEPC is counter-
balanced by pyruvate decarboxylation). On 
the other hand, the production of pyruvate by 

pyruvate kinase and the generation of NADH 
by pyruvate dehydrogenase lead to more 
ATP being formed and thus citrate synthesis 
is energetically favorable. Nevertheless, 
citrate accumulation in the vacuole requires 
more ATP (three H+ are required since citrate 
has three negative charges). As a result, the 
overall cost of CO2 assimilation by citrate-
involving CAM metabolism is larger (Winter 
and Smith 1996).

The overall flux to citrate synthesis is 
believed to be rather small, except in Clusia. 
In Kalanchoë, Sedum and Bryophyllum, 
14C-labeling has shown that citrate (or isoci-
trate) only represent a few % of assimilated 
14C (for a summary of 14C experiments, see 
Kenyon et al. 1985). In Clusia, citrate may 
represent nearly one third of 14C and after 
several days of drought, diurnal citrate accu-
mulation prevails over malate accumulation 
(Lüttge 1996). It has been suggested that 
citrate accumulation during the night could 
be advantageous in this case: under arid con-
ditions where recycling of respired CO2 
increases, the use of an energetically favor-
able organic acid like citrate is expected to 
increase (Lüttge 1988). Nevertheless, it 
should be noted that there is relatively little 
data on flux analyses in CAM plants, and 
therefore the utilization of citrate is not 
clearly established. It is implicitly assumed 
that citrate accumulated during the night is 
converted to (malate and) CO2 in the light 
via the Krebs cycle. However, it is possible 
that species adapted to citrate-involving 
CAM metabolism use other pathways such 
as the glyoxylate cycle (Fig. 11.1, in blue): 
isocitrate lyase generates glyoxylate and 
succinate, and glyoxylate could then be com-
bined to acetyl-CoA (generated from pyru-
vate degradation) to form malate via malate 
synthase. That way, no supplemental NAD is 
consumed, avoiding competition with malate 
decarboxylation. In other words, there could 
be some advantage in having a combination 
of malate and citrate accumulation in the 
light when the ratio NADH/NAD has to be 
strictly controlled: malate degradation gen-
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erates pyruvate that can be converted to ace-
tyl-CoA, which can in turn be used to convert 
citrate into malate.

V.  Recycling of Respiratory CO2

Photosynthetic recycling of CO2 evolved by 
ME (malate decarboxylation) or PEPCK 
(oxaloacetate conversion to PEP) activity in 
the light is a prerequisite for optimal CAM 
metabolic efficiency. However, measure-
ments of assimilatory quotient (O2/CO2) val-
ues larger than 1 in the light have suggested 
that malate (oxaloacetate) decarboxylation is 
not quantitative (Osmond et al. 1996). That 
is, some malate molecules could be left 
behind (non decarboxylated) and potentially, 
another carbon source would be used to gen-
erate triose phosphates and/or internal CO2, 
with limited consequence on net CO2 gas 
exchange. Conversely, under the assumption 
that there is an internal CO2 build-up in the 
light due to massive deacidification (internal 
CO2 mole fraction is thought to possibly 
reach 5% under high decarboxylation activ-
ity), some CO2 may be lost (CO2 evolution in 
the light) thereby decreasing net CO2 
uptaken. In fact, it is not unusual to observe 
negative assimilation rates (i.e. CO2 evolu-
tion) in the light, indicating a CO2 loss (for 
further discussion on diel fluctuations of 
internal CO2, see Borland and Taybi 2004).

In the dark, the quotient of CO2 assimila-
tion to O2 consumption may easily be larger 
than one because PEPC activity is larger 
than respiratory activity and in addition, 
respired CO2 is partly recycled. While it is 
often assumed that respired CO2 recycling 
does occur, flux estimates are not very com-
mon. The content in malate accumulated 
during the dark phase may not match CO2 
fixation suggesting that an extra CO2 source 
has been used, and it is assumed that it comes 
from refixation of respired CO2 (Griffiths 
et al. 1986; Griffiths 1988). Quantitation of 
accumulated malate in Sedum telephium (in 
which CAM metabolism has been induced) 

has suggested that up to 60% of respired CO2 
is refixed by dark fixation (Griffiths 1990). 
In the CAM fern Pyrrosia, about 30% of 
malate production was estimated to come 
from recycling (Griffiths et al. 1989). In bro-
meliads, CO2 recycling can represent up to 
90% of carbon fixation (Griffiths 1988). In 
C3/CAM intermediates, the respiratory quo-
tient (evolved CO2 to consumed O2) in the 
dark is lower than one because CO2 produc-
tion by respiration is partly compensated by 
CO2 refixation (for an example in Peperomia, 
see Patel and Ting 1987).

Recycling of respired CO2 is believed to 
be of importance under dry conditions where 
stomata remain closed during the night: 
malate synthesized from refixed respired 
CO2 in the dark is decarboxylated and gener-
ates CO2 that may be fixed by photosynthesis 
in the light. This consumes electrons and 
thus potentially, avoids photoinhibition 
(Griffiths 1990). Under optimal conditions 
(i.e. when stomata are open during the night 
and thus uptake can easily utilize external 
CO2), respiratory carbon dioxide release is 
within the order of 1/10th of CO2 uptake 
(Fig. 11.2). Therefore, even if respired CO2 
were 100% recycled, it would represent a 
minor contributor (10%) of total uptake. By 
contrast, if respired CO2 is not totally refixed 
in the light, this has consequences for overall 
metabolic efficiency with, of course, lower 
values of carbon utilization for growth and 
maintenance (Fig. 11.2).

VI.  Carbon Use Efficiency

Carbon use efficiency (CUE) is defined as 
the ratio of net fixed carbon to gross fixed 
carbon. Here, “net” and “gross” mean after 
and before (photo)respiratory losses, respec-
tively. In CAM plants, respiratory losses can 
be due to non-refixation of evolved CO2 (see 
above) as well as respiration for growth and 
maintenance. Quite empirically therefore, 
CUE could be written as: CUE = (A – RCAM – 
Rg)/A where A is CO2 uptake per se, RCAM is 
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CO2 loss from CAM metabolism and Rg is 
CO2 evolution associated with growth and 
maintenance respiration. While there is a 
considerable literature on water use effi-
ciency in CAM plants, very little is available 
on CUE. In the famous book Simulation of 
Ecophysiological Processes of Growth in 
Several Annual Crops, that contains esti-
mates of respiratory costs, CAM plants are 
disregarded: “Among the major agricultural 
crops, pineapple is the only CAM plant, so 
this group is ignored here” (Penning de Vries 
et al. 1989). From a technical point of view, 
the difficulty is that (i) the measurement of 
respiration by classical gas exchange sys-
tems based on CO2 exchange cannot be used 
for CAMs; respiration is best measured in 
the dark using O2 exchange, and (ii) a proper 
carbon balance should integrate respiration 
(CO2 loss) of organs other than photosyn-
thetic parts, such as roots.

O2 consumption in the dark has been 
found to be within 0.5–1 μmol m−2 s−1 (e.g. 
Griffiths 1990). Accordingly, total CAM-
related respiratory CO2 production in the 
dark has been estimated to be near 1 μmol 
m−2 s−1 (using a realistic value of CO2 uptake 
of 10 μmol m−2 s−1). Thus, assuming that 
decarboxylated CO2 is totally refixed in the 
light, the dark phase of CAM metabolism 
potentially causes a loss of about 0.1 units in 
CUE. Of course, the CUE can decrease fur-
ther if CO2 is lost in the light (incomplete 
utilization of decarboxylated CO2 in the 
light).

Root respiratory loss has been estimated 
to be about 10–20% (i.e. 0.1 μmol m−2 s−1 for 
a daily average assimilation value of up to 
0.77 μmol m−2 s−1) in various CAM plants 
under controlled conditions (Nobel and 
Bobichi 2002). In Opuntia ficus-indica, root 
growth (in dry weight increase) represents 
about 10% of total growth (Cui and Nobel 
1994) suggesting that root CO2 loss is also of 
about 10% assuming comparable growth 
respiratory cost coefficients. There is never-
theless considerable variation in root respira-
tion rate and root:shoot ratio (and thus in 

root CO2 loss) between species, as has been 
found in the genus Agave (Nobel et al. 1993). 
Published values of CO2 uptake in the dark 
(measured by gas exchange), total cladode 
surface area, and whole-plant dry weight 
increments (Cui and Nobel 1994) can be 
exploited to calculate a value of CUE in 
Opuntia (assuming that elemental C content 
is 40%). The CUE is found to be about 15% 
at 5 weeks, and 35% from week 5 to week 12 
after transplanting cladodes into growth 
chambers. These values are low, and likely 
reflect reserve remobilization to produce 
new cladodes as well as roots after trans-
planting. That is, they should probably be 
regarded as minimal values and in situ, CUE 
values of about 50% are plausible (thus com-
parable to many C3 species).

Of course, growth and CO2 exchange (and 
thus CUE) of CAM plants depend on other 
factors such as light, temperature, nutrients 
and water availability and thus it is difficult 
to provide here general rules. If most CAM 
plants have a lower productivity as com-
pared with other plants, it is not due to a 
much lower CUE but rather to low assimila-
tion rates and the intrinsic cost of CAM 
metabolism (ATP requirement per CO2 
assimilated). That said, some CAM species 
have been shown to have very high produc-
tivity (nearly 50,000 kg ha−1 y−1) exceeding 
C3 crops, even under well-watered condi-
tions (Nobel 1996). Such large productivity 
values likely come from the fact that despite 
being less ATP-efficient, CAM photosynthe-
sis partly avoids photorespiration (CO2 con-
centrating mechanism) and plant architecture 
(such as the shoot:root ratio) is optimally 
distributed for water and nutrient usage in 
their natural environment.

VII.  Concluding Remarks

The present chapter represented an overview 
of the current knowledge on respiratory 
metabolism in CAM plants. Respiration has 
often been viewed as detrimental to plant 
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growth since it represents a carbon loss. This 
view is currently challenged by studies show-
ing that respiratory metabolism (and more 
generally, mitochondrial metabolism) is 
essential for CO2 assimilation (see Chap. 2). 
In CAM plants, respiration is at the heart of 
CO2 uptake since the CO2 concentrating 
mechanism relies on enzymatic steps involved 
in respiration. CAM metabolism requires a 
tight regulation of enzyme activity along with 
circadian cellular clock, and molecular stud-
ies have shown that protein abundance or pro-
tein phosphorylation are key events of 
metabolic regulation (Borland and Taybi 
2004). It would not be surprising that enzymes 
involved in respiration are also controlled by 
post-translational modifications so as to regu-
late ATP and NADH generation required by 
CAM metabolism. Future studies using func-
tional genomics (like phosphoproteomics) are 
thus warranted to provide key advances in the 
understanding of CAM respiration. It is also 
remarkable that despite the considerable 
increase in plant metabolomics and fluxomics 
literature, flux patterns in CAM plants have 
been disregarded. Recently, flux modeling 
using flux-balance analysis (FBA) has been 
carried out using a CAM metabolic frame-
work (with different subtypes: PEPCK or 
ME, starch- or hexose-accumulating) (Cheung 
et al. 2014) but no explicit consideration has 
been given to respiratory carbon metabolism 
in model outputs. As stated above, there is no 
comprehensive 13C-labeling studies (with 
subsequent analyses by mass spectrometry or 
NMR) to follow metabolic fluxes. Future 
work on CAM plants will, hopefully, fill this 
gap of knowledge.
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Summary

Mitochondrial respiration requires redox power that is mainly provided by the tricarboxylic 
acid (TCA) cycle in heterotrophic tissues. Glycolysis is commonly assumed to be the major 
pathway for carbon replenishment of the TCA cycle in most plant cells. However, the TCA 
cycle also provides precursors for amino acids and organic acids synthesis, a process that 
requires 4- or 5-C molecules supplied by anaplerotic pathways. The TCA cycle is thus 
involved in both anabolism and catabolism. Despite the good knowledge of enzymes and 
pathways involved in these processes, the regulation of carbon partitioning between 
catabolism and anabolism remains poorly understood. Metabolic flux analysis (MFA) aims 
at quantifying fluxes in metabolic networks and provides new insights for the study of the 
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I.  Introduction

Heterotrophic plant cells import carbon 
mostly in the form of sucrose, and also as 
amino acids thereby sustaining nitrogen 
metabolism. Sucrose is a source of carbon 
for the biosynthesis of structural and storage 
compounds (proteins, lipids, free sugars, 
starch, organic acids) through anabolic 
pathways but also for respiration via 
glycolysis and the TCA cycle, hence 
generating ATP which is in turn utilized for 
biosynthesis or maintenance.

Therefore, the TCA cycle plays a pivotal 
role, being involved both in energy 
generation and biosynthetic processes. 
Phosphoenolpyruvate (PEP) is a key 
intermediate produced in the cytosol by 
glycolysis and converted to pyruvate which 
enters the mitochondria to be further 
decarboxylated to acetyl-CoA by the 
pyruvate dehydrogenase complex (PDH). 
Acetyl-CoA then condenses with 
oxaloacetate (OAA) to produce citrate (see 
metabolic network Fig. 12.1). By the action 
of the TCA cycle, the 2 carbons unit (acetyl 
group) is fully oxidized to CO2, with 
regeneration of OAA and the net production 
of NADH and FADH2 that are used for 
respiration. The TCA cycle provides 
intermediates for the biosynthesis of amino 
acids and organic acids, such as 
2-oxoglutarate (glutamate precursor) and 
oxaloacetate (aspartate precursor). Hence, to 
avoid the depletion of pools of TCA cycle 
intermediates, some carbon must be supple-
mented by pathways that are called 
‘anaplerotic’ pathways.

In heterotrophic plant cells, the major 
source of anaplerotic carbon is PEP. The PEP 
carboxylase (PEPC), localized in the cyto-

sol, catalyzes the production of OAA from 
PEP and bicarbonate (HCO3

−). OAA is 
imported into the mitochondria and either (i) 
feeds the production of C4 molecules such as 
amino acids of the aspartate family and 
malate, or (ii) combines with acetyl-CoA to 
produce citrate that can be accumulated in 
the vacuole or further transformed into the 
TCA cycle. Also, malate formed in the TCA 
cycle can be converted to pyruvate via the 
mitochondrial malic enzyme, thus providing 
substrate to the PDH. The complexity of that 
network and the multiple branching points 
raises several questions such as the origin of 
carbon atoms that are committed to the TCA 
cycle and the partitioning between 
anaplerotic pathways and respiration.

In the past last decades, the growing inter-
est in metabolic engineering favored the 
development of methods to estimate fluxes 
in living cells. Several reviews (Baghalian 
et al. 2014; Dersch et al. 2016) described 
approaches involved and more recently, a 
book was dedicated to protocols associated 
with flux analysis in plants (Dieuaide-
Nouhhani and Alonso 2014). In summary, 
three main methods are recognized: meta-
bolic flux analysis (MFA), flux balance anal-
ysis (FBA) and kinetic models. 13C- or 
14C-MFA is based on the use of 13C- or 
14C-labeled precursors (also called tracers) 
that enter metabolism. The labeled carbon 
atoms are redistributed in metabolic path-
ways and the isotopic labeling in intracellu-
lar metabolites is measured by nuclear 
magnetic resonance (NMR) or mass spec-
trometry (MS). The analysis of labeling in 
metabolites (isotopic enrichment) with mod-
eling allows the quantitation of fluxes asso-
ciated with the metabolic reactions 
considered. The output is a flux map that 

TCA cycle and associated pathways. This chapter presents briefly the principles of MFA, 
and describes how 14C-tracing evolved to 13C-MFA, and more recently to 13C-INST-
MFA. Such analyses have  provided insights about the origin of carbon atoms entering the 
TCA cycle and the  partitioning between respiration and biosyntheses.
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shows the distribution of anabolic and cata-
bolic fluxes over the metabolic network. 
FBA (Schuster et al. 1999) belongs to con-
straint-based modeling where relying on bio-
chemical and genomic information, the 

metabolic network is constrained by reaction 
stoichiometry. Based on an assumed objec-
tive function, and by applying mass-balance 
constraints, fluxes can be predicted after lin-
ear optimization. In the last decade, recent 

Fig. 12.1. Simplified metabolic network. Flux names are given in italics. Abbreviations: SuSy sucrose syn-
thase, hk hexokinase, pk pyruvate kinase, oaat and pt are OAA and pyruvate transporters respectively, alat ala-
nine aminotransferase, aspt aspartate aminotransferase, pdh pyruvate dehydrogenase, cs citrate synthase, aco 
aconitase, idh isocitrate dehydrogenase, ogdh 2-oxoglutarate dehydrogenase, sdh succinate dehydrogenase, fum 
fumarase, mdh malate dehydrogenase, nr: nitrate reductase, gdh glutamate dehydrogenase, gs/gogat glutamine 
synthase/glutamate synthase, PEPC phosphoenolpyruvate carboxylase, Glc glucose, PEP phosphoenolpyruvate, 
Pyr pyruvate, OAA oxaloacetate, Cit citrate, Icit isocitrate, OG 2-oxoglutarate, Succ succinate, Fum fumarate, 
Mal malate, Prot proteins. Standard abbreviations of amino acid names are used (The illustration was designed 
with OMIX (Droste et al. 2011))
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advances in reconstruction and applications 
of genome-scale metabolic models have 
been developed for the plant model 
Arabidopsis thaliana (de Oliveira Dal’Molin 
et al. 2010, 2015; Kim et al. 2012; 
Grafahrend-Belau et al. 2013) but also maize 
(Saha et al. 2011) and barley seeds 
(Grafahrend-Belau et al. 2009). Interestingly, 
using a restricted network focused on pri-
mary metabolism including energy and 
redox balance, FBA allowed estimating car-
bon and nitrogen needs for tomato fruit 
growth and anticipating the metabolic repro-
gramming along its development, from divi-
sion phase to maturity (Colombié et al. 
2015). The third approach, kinetic modeling, 
consists in a detailed and complicated math-
ematical description of a metabolic network. 
Kinetic modeling is based on known kinetic 
parameters and contents in enzymes. It rep-
resents now an important branch in the grow-
ing field of quantification of fluxes in 
metabolic networks. This approach has been 
used to study sucrose metabolism in sugar-
cane (Rohwer and Botha 2001), the compart-
mentalization of sugar metabolism in tomato 
(Beauvoit et al. 2014), and metabolic branch-
ing points between methionine and threonine 
biosynthesis (Curien et al. 2003) and in 
aspartate metabolism in Arabidopsis thali-
ana (Curien et al. 2009).

In this chapter, we will provide an over-
view of methods for flux quantification, from 
14C- to 13C-MFA, and then review their appli-
cation to respiratory metabolism in hetero-
trophic plant cells.

II. Labeling Experiments to Quantify 
Metabolic Flux in Heterotrophic 
Tissues of Plants: From Steady-State 
to Instationary MFA

A. Overview of 13C- or 
14C-Labeling Techniques

Historically, metabolic flux analysis was first 
carried out using 14C-labeled tracers. In let-
tuce seeds (Lactuca sativa), TCA cycle activ-

ity was assessed by modeling [U-14C]-Glc 
steady-state labeling experiments (Salon 
et al. 1988). 14C-labeling has also been used 
to understand the metabolism of sucrose and 
starch in banana (Hill and ap Rees 1995) and 
potato tubers (Geigenberger et al. 1997) in 
response to hypoxia and hydric stress, respec-
tively. On the one hand, this method is conve-
nient because it does not require high-tech 
apparatus and is quite sensitive. On the other 
hand, it is time-consuming, requires the puri-
fication of metabolic intermediates for 
14C-analysis, and the information obtained is 
often limited to the average 14C-labeling of 
the molecule. Protocols have been proposed 
to cleave the molecules of interest to get 
information on fragments or specific carbon 
positions. For instance, the specific isotopic 
content in the C-1 atom position of glucose 
has been determined after enzymatic decar-
boxylation: glucose was incubated in a sealed 
vial with hexokinase, glucose 6-phosphate 
dehydrogenase and 6-phosphogluconate 
dehydrogenase and evolved CO2 was fixed 
with KOH (Hill and ap Rees 1994; Dieuaide-
Noubhani et al. 1995). To investigate the 
redistribution of 14C from C-1 to C-6, purified 
hexoses were enzymatically degraded to 
3-phosphoglycerate and glycerol-3-phos-
phate and then separated by HPLC (Hatzfeld 
and Stitt 1990).

Since the 80s, NMR and LC-MS tech-
niques made the use of 13C-labeled substrates 
preferable, and this has several advantages. 
First of all, it became possible to analyze 
complex mixtures avoiding fastidious steps 
of purification prior labeling analysis. 
Moreover, data quality and quantity have 
been seriously improved. 13C-NMR spectra 
can be used to quantify the 13C labeled pool 
size of a molecule of interest, but it has to be 
coupled to another approach (1H-NMR, 
HPLC…) to estimate the total pool size. 
Alternatively, the specific labeling of each 
single protonated carbon atom position 
inside a metabolite can be easily determined 
from 1H-NMR spectra, alone or coupled to 
13C-NMR spectra when protons are not 
resolved in the first one. Using two-dimen-
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sional [13C,1H]-NMR, the isotopomer distri-
bution is even more resolved, but precautions 
have to be taken to assure quantitative analy-
sis. Using high resolution (accurate mass) 
LC-MS, isotopic patterns (M, M + 1, M + 2, 
etc.) can be analyzed and thereby isotopomer 
distribution can be determined. This gain in 
information is beneficial for the accuracy of 
network definition (13C-redistribution) and 
flux quantitation (Massou et al. 2007).

Metabolic maps were reconstructed from 
13C-labeling in several organisms: maize 
root tips (Dieuaide-Noubhani et al. 1995; 
Alonso et al. 2005, 2007a), Catharanthus 
roseus hairy roots (Sriram et al. 2007), 
tomato (Rontein et al. 2002) and Arabidopsis 
(Williams et al. 2008) cells, and various seed 
embryos (Sriram et al. 2004; Schwender 
et al. 2006; Junker et al. 2007; Lonien and 
Schwender 2009; Alonso et al. 2007b 2010). 
In all of these papers, the overall strategy 
was similar, that is, continuous labeling up to 
isotopic steady-state with 13C-Glc as a car-
bon source, and then metabolic flux network 
modeling. However, there are major differ-
ences in the list of targeted metabolites and 
the nature of the information obtained from 
labeling. For example, fluxes in primary 
metabolism were quantified from either 
13C-enrichments in carbon atom positions in 
free sugars, starch, glutamate and aspartate 
determined by 1H and 13C-NMR (Dieuaide-
Noubhani et al. 1995; Alonso et al. 2005, 
2007a; Rontein et al. 2002), or isotopomer 
distribution in proteinogenic amino acids 
(obtained from protein hydrolysis) by 2D 
[13C,1H]-NMR (Sriram et al. 2004, 2007). To 
increase information redundancy and 
improve constraints applied to flux calcula-
tion, the tendency is now to explore a wide 
range of metabolites such as sugars, free 
and/or proteinogenic amino acids and also 
lipids using complementary techniques: 
NMR, LC- and GC-MS (Schwender et al. 
2006; Junker et al. 2007; Lonien and 
Schwender 2009).

B. Behavior of the Tracer Upon Labeling: 
Dynamic Versus Steady-State Labeling

Most MFA studies in plants are based on 
steady-state labeling experiments, where the 
biological system of interest (tissue or cells) 
is in a stationary metabolic state with con-
stant intracellular fluxes during the whole 
timeframe of the experiment. In practice, the 
13C-labeling period should be long enough to 
ensure that the labeling (% 13C) in metabo-
lites does not vary anymore. This method 
has two advantages. First, the isotopic con-
tent in metabolites (and C atom positions) 
can be described by linear equations that can 
be solved easily. Second, in the isotopic 
steady-state, the labeling in metabolites 
involved in the same linear metabolic path-
way is identical; the isotopic enrichment dif-
fers between metabolites of the same 
pathway if there is a metabolic branching 
point thereby introducing more 13C or caus-
ing an isotopic dilution. Consequently, a 
minimal dataset is required to estimate fluxes 
(Dieuaide-Noubhani et al. 1995) and tar-
geted, easily detectable molecules can be 
analyzed instead of their precursors to get 
sufficient information. For example, when 
13C-glucose is used as the supplied isotopic 
tracer, the isotopic enrichment in sucrose, 
starch and glutamate reflects that in cytosolic 
glucose-6-phosphate (and fructose-6-phos-
phate), plastidial glucose-6-phosphate and 
2-oxoglutarate, respectively. However, the 
experimental design requires particular 
attention because plant organs or tissues are 
often isolated from the mother plant and 
have to be cultivated in mediums that repro-
duce as much as possible biological condi-
tions found in planta. For instance, embryos 
are cultivated on nutrient solutions that allow 
growth rate (Alonso et al. 2007b, 2010; 
Lonien and Schwender 2009). Another diffi-
culty is that the time needed to reach the iso-
topic steady-state is often very long, from 
one day in maize root tips to several days for 
embryos or isolated cells. This is due to the 
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slow exchange process between the cytosol 
and the vacuole, which contains large amount 
of slowly turned-over metabolites. With such 
long labeling times ex planta, the primary 
carbon metabolism might vary during the 
experiment, and this is not compatible with 
the requirement for a metabolic and isotopic 
steady-state.

In the past decade, a strategy based on the 
analysis of labeling kinetics in tissues or 
cells that are in the metabolic steady-state 
(INST-13C-MFA) has been developed 
(Wiechert and Noh 2005). Experimentally, 
this approach requires the collection of sam-
ples at different time points. It exploits the 
relatively high sensitivity of LC-MS analy-
ses that allows analyzing metabolites even at 
low concentration and 13C-enrichment. The 
general principle used to estimate flux distri-
bution and quantification is then based on a 
least-square fit of observed data to equations 
that describe isotopomers kinetics. An 
advantage of INST-13C-MFA is the possibil-
ity to discriminate between parallel path-
ways that lead to the same product, as long 
as their intermediates are different and can 
be analyzed.

However, numerical resolution of flux 
values that provide the best match to 
observed data is highly demanding in com-
putational power and may be mathematically 
complicated (to find best converging algo-
rithms). Therefore, labeling kinetics experi-
ments have been successfully applied to 
study relatively small networks, like the ben-
zenoid network in Petunia flowers (Colón 
et al. 2010) or cell wall metabolism in maize 
embryos (Chen et al. 2013). It should be 
noted that autotrophic organisms are well 
suited for INST-MFA because their metabo-
lism is based on CO2 assimilation and thus, 
13CO2 steady-state experiments cannot be 
used because all of the metabolic intermedi-
ates are eventually completely labeled. 
Methods for 13CO2 labeling experiments 
coupled with INST-MFA modeling were first 
described in Shastri and Morgan (2007) and 
more recently applied to a plant model, the 

Arabidopsis leaves (Szecowka et al. 2013). 
However, they restricted their study to the 
Calvin cycle and its major derivatives. To 
deal with the complexity of metabolic net-
works and the associated mathematical treat-
ment, Antoniewicz et al. (2007) and Young 
et al. (2008) proposed a theory based on the 
decomposition of the isotopomer redistribu-
tion network into elementary metabolite 
units (EMU). The authors consider that this 
approach reduces by a factor 10 the number 
of ordinary differential equations to solve, 
saving time and computing power in flux 
estimation. It was successfully used to deter-
mine fluxes in the cyanobacterium 
Synechocystis (Young et al. 2011). Recently, 
Young (2014) proposed a publicly available 
software package, INCA, to calculate fluxes 
from metabolic steady-state and non-station-
ary labeling experiments (INCA; http://mfa.
vueinnovations.com/).

III. The Origin of Acetyl-CoA  
for the TCA Cycle

In plant heterotrophic tissues, it is generally 
accepted that sugars are the major source of 
carbon feeding respiration, so that their com-
plete oxidation through glycolysis and the 
TCA cycle provides reductants (NADH and 
FADH2). However, the nature of the respira-
tory substrate may vary, as described below. 
The respiratory quotient (RQ) is the ratio of 
moles of CO2 produced to moles of O2 con-
sumed. The RQ has been used for more than 
one century to trace the carbon source used 
by respiration. A RQ close to one indicates 
that carbohydrates (glucose) are the major 
source of CO2, whereas it equals ≈0.8 for 
proteins degradation and 0.6 during lipid 
oxidation (and less than 0.5 if gluconeogen-
esis is involved). Alternatively, an increase 
of the RQ above 1 suggests that fermentation 
occurs. Nevertheless, if the determination of 
the RQ value is pertinent to highlight changes 
in the nature of the respiratory substrate (e.g. 
Bathellier et al. 2009 in roots), it is not suf-
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ficient to define precisely the substrate for 
respiration that can be sustained by a mix-
ture of compounds, for instance lipids and 
organic and amino acids, so that the observed 
RQ is an average value.

A. Fatty Acids Degradation Sustains 
Respiration in Oil-Containing 
Seeds During Germination

In lipid-rich seeds, lipids that are stored dur-
ing seed development are degraded to ace-
tyl-CoA via β-oxidation during germination. 
Acetyl-CoA is then converted to sugars 
through the glyoxylate cycle and neogluco-
genesis (Canvin and Beevers 1961). Both 
gluconeogenesis-derived sugars and succi-
nate produced by the glyoxylic cycle are 
eventually used for biosyntheses as well as 
respiration. The role of fatty acids in germi-
nation and seedling development has been 
extensively studied in Arabidospis thaliana 
using mutants (Hayashi et al. 1998; Eastmond 
et al. 2000; Germain et al. 2001; Cornah 
et al. 2004; Pracharoenwattana et al. 2005). 
Surprisingly, the glyoxylic cycle does not 
appear to be essential for germination itself, 
but for post-germinative growth. In fact, 
when isocitrate lyase (which catalyzes one 
step of the glyoxylic cycle) is absent, seed-
ling growth is reduced (because gluconeo-
genesis is impaired) but not suppressed, 
thanks to the use of fatty acid degradation 
products by respiration (Eastmond et al. 
2000; Germain et al. 2001). That is, acetyl-
CoA is converted to citrate by the peroxi-
somal citrate synthase and then exported to 
the mitochondrion to sustain the TCA cycle 
(Pracharoenwattana et al. 2005).

However, in other species, fatty acids are 
used in early germination events. Raymond 
et al. (1992) showed that a particulate frac-
tion isolated from sunflower (Helianthus 
annuus) seeds is able to convert fatty acids to 
citrate when oxaloacetate is supplied. Salon 
et al. (1988) modeled the carbon provision to 
the TCA cycle in lettuce seeds and showed 
the importance of gluconeogenesis. This 

work is important since it represents the very 
first work dealing with plant fluxomics. It 
was based on steady-state 14C-labeling 
experiments. As expected, they observed a 
production of 14C-labeled carbohydrates 
after incubation of embryos with 14C-acetate 
and 14C-fatty acids. This simply reflected a 
flux towards gluconeogenesis. But surpris-
ingly, the rate of 14C-labeled CO2 evolution 
was much larger than the flux associated 
with gluconeogenesis. Three pathways could 
have explained this effect: (i) α-oxidation, 
that produces directly CO2 from the α carbon 
of fatty acids, (ii) the ‘classical’ pathway 
coupling β-oxidation to the glyoxylate cycle 
or (iii) direct utilization of acetyl-CoA (pro-
duced by β-oxidation) by citrate synthase to 
sustain the TCA cycle. The authors elegantly 
discriminated these three pathways by look-
ing at the 14C ratio aspartate-to-glutamate 
after incubation with 14C-labeled acetate, 
palmitate and hexanoate. From a theoretical 
point of view, if fatty acids were degraded by 
β-oxidation and further metabolized in the 
glyoxylic cycle only, the labeling would 
enter the TCA cycle through C4 intermedi-
ates only. In this case, the four carbons of 
aspartate would be labeled. In glutamate, 
only three carbon atoms coming from OAA 
would be labeled and not those originating 
from acetyl-CoA via citrate synthase (see 
Fig. 12.2). Therefore, the isotope ratio aspar-
tate-to-glutamate would have to be 
4/3 = 1.33. By contrast, if acetyl-CoA were 
essentially metabolized by citrate synthase, 
then all of the carbon atom positions in glu-
tamate and aspartate would be labeled and 
the ratio would equal 4/5 = 0.8. For all of the 
substrates tested, the ratio measured was 
close to 0.8, indicating that fatty acids were 
degraded by β-oxidation and incorporated as 
acetyl-CoA (rather than C4 intermediates) 
into citrate to sustain respiration. This was 
further confirmed by short-time labeling that 
showed that when embryos were incubated 
with 14C-hexanoate, citrate and glutamate 
were much more rapidly labeled than malate 
and aspartate.
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B. Fatty Acids and Proteins 
Are Respiratory Substrates 
Under Sugar Limitation

In maize root tips (Saglio and Pradet 1980; 
Brouquisse et al. 1991), sycamore (Acer 
pseudoplatanus) cells (Journet et al. 1986) or 
tomato roots (Devaux et al. 2003), sugar 
removal (glucose or sucrose) from the cul-
ture medium leads to a decrease in the respi-
ration rate and fatty acid and protein content, 
suggesting that they play the role of alterna-
tive respiratory substrates (Saglio and Pardet 
1980). They represent the sole carbon source 
after 15 h of sugar starvation, since the pool 
in soluble sugars does not vary anymore 
(Brouquisse et al. 1991). These conclusions 
based on metabolite contents have been cor-
roborated by the increase in protease (James 
et al. 1993) and β-oxidation (Dieuaide et al. 

1992) activities (but not in glyoxylic cycle 
activity), and the decrease in RQ from ≈1 to 
0.7 in a few hours (Dieuaide-Noubhani et al. 
1997).

To understand the metabolic reorchestra-
tion during starvation and identify the role 
played by fatty acids and proteins in sustain-
ing the TCA cycle, detached maize root tips 
were labeled for 4 h with [13C-1]-Glc, just 
the time required to label glycolysis and 
TCA cycle intermediates but not lipids and 
proteins. Alanine (C-3 atom position) and 
glutamate (C-4 atom position) were found to 
be identically 13C-labeled, reflecting the fact 
that sugars were the sole carbon source for 
the TCA cycle. When roots were transferred 
to a glucose-free medium, a continuous 
decrease in the 13C-labeling of glutamate C-4 
was observed while alanine C-3 remained 
almost stable. Unfortunately, under sugar 

Fig. 12.2. Impact of PEPC activity on the specific labeling of TCA cycle intermediates at the isotopic 
steady-state. In a, citrate is formed from acetyl-CoA (C2CoA) originating from PEP. Arbitrary, the labeling of 
the C-3 of PEP is 100, whereas the two other carbons are not labeled. The PEPC activity combines PEP with 
CO2 thus producing OAA labeled on C-3 only (b). Due to the malate dehydrogenase and fumarase activities, 
the OAA produced from the PEPC is labeled on carbons C-2 and C-3 (c). The specific labeling of all OAA car-
bons is reduced (blue arrow). Consequently, the specific labeling of the carbons of the lower part of citrate and 
oxoglutarate is also reduced whereas the carbons from the upper part, coming from acetyl-CoA are not affected 
(black arrow)
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starvation conditions, quantitative MFA was 
not applicable because both cells were not at 
the metabolic and isotopic steady-state. 
However, a qualitative interpretation remains 
possible: the decrease in glutamate C-4 as 
compared to alanine C-3 suggests the utiliza-
tion of an unlabeled (12C) carbon source by 
the TCA cycle, probably fatty acids or pro-
teins recycling. The authors also observed 
that the 13C-labeling of the three carbon atom 
positions C-2, C-3, and C-4 in glutamate was 
identical after 6 h of starvation. This indi-
cates that the incorporation of the unlabeled 
carbon source was unlikely to be between 
citrate and glutamate (i.e., with a branching 
point within the TCA cycle) since it would 
have had a 13C-diluting effect in the C-2 and 
C-3 atom positions as well. In other words, 
fatty acids were used as carbon substrates to 
generate acetyl-CoA and thus sustain the 
TCA cycle, and 2-oxoacids from protein 
degradation were used marginally.

Interestingly, a similar metabolic response 
has been observed in leaves subjected to con-
tinuous darkness, with an increase in tran-
scripts encoding for β-oxidation enzymes, 
but not for the glyoxylate cycle like malate 
synthase and isocitrate lyase (Tcherkez et al. 
2003; Pracharoenwattana et al. 2005; van der 
Graaff et al. 2006; Kunz et al. 2009).

IV. The TCA Cycle: Anaplerotic 
Pathways Versus Catabolism

A. PEP Carboxylation, the Major 
Anaplerotic Pathway

In principle, if [13C-1]-Glc (or sucrose) were 
the sole carbon source, in the absence of 
anaplerotic pathway, the carbon atom posi-
tions C-2, C-3 in OAA and C-2, C-3, C-4 in 
2-oxoglutarate (and thus in glutamate) 
would be identically labeled to C-3 of PEP 
derived from glycolysis. The C-1 atom posi-
tion in glutamate should not be labeled since 
it originates from C-2 in PEP (and thus 
C-1 in acetyl-CoA), which is not labeled 

upon [13C-1]-Glc labeling. By contrast, 
PEPC activity produces OAA which harbors 
labeling on the C-3 atom position, which in 
turn directly comes from the C-3 of 
PEP. This position in OAA is then rapidly 
randomized between the carbon atom posi-
tions C-2 and C-3 by fumarase, because 
fumarate is symmetrical and the reaction 
between malate and fumarate is reversible. 
Consequently, this leads to an isotopic dilu-
tion whereby the isotopic content in C-2 and 
C-3 represents one half of that in the C-3 
atom position of PEP. In other words, PEPC-
derived OAA should isotopically dilute 
TCA-derived OAA and thus also in corre-
sponding C-atom positions in 2-oxogluta-
rate and glutamate. This does not affect the 
C-4 and C-5 atom positions in glutamate 
since they originate from acetyl-CoA 
(Fig. 12.2). Therefore, the 13C-dilution in 
C-2 and C-3 with respect to C-4 reflects the 
PEPC activity and allows estimating the 
ratio PEPC/PDH (pyruvate dehydrogenase), 
once the external fluxes from TCA cycle 
have been estimated. This last point is usu-
ally achieved by measuring the rate of pro-
tein synthesis and the relative abundance of 
each amino acid in proteins.

The carbon allocation from the TCA cycle 
to energy generation (respiratory CO2 release) 
and to biosynthesis (e.g. amino acids produc-
tion) has been determined in several plant 
species. In standard conditions, the ratio 
PEPC/PDH was found to vary slightly 
between 0.37 in Arabidopsis cells and soy-
bean embryos, and 0.6 in maize root tips or 
embryos (Table 12.1). This indicates that the 
fate of TCA cycle intermediates may vary 
considerably between species. In addition, 
the ratio PEPC/PDH can be affected by envi-
ronmental conditions. In maize root tips 
(Dieuaide-Noubhani et al. 1997) and tomato 
cells (Rontein et al. 2002), the response to 
decreased carbon availability has been exam-
ined either directly by incubating maize roots 
in the absence of glucose or indirectly by 
observing the consequence of progressive 
glucose consumption when tomato cells were 
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batch-cultivated. In both cases, a rapid 
decrease in the respiration rate has been 
observed. In maize root tips, glucose deple-
tion led to a clear arrest of PEPC activity as 
well as growth. In tomato cells in the pre-
stationary phase, the flux through the PEPC 
decreased by 80% while the flux through the 
PDH decreased by 60%, thus favoring catab-
olism over anaplerosis. In Arabidospsis cells 
incubated under elevated O2, cell growth was 
improved and all fluxes increased. However, 
relative fluxes were only slightly modified, 
the ratio between catabolism and biosynthe-
sis being almost not affected (Williams et al. 
2008). This is consistent with the assumption 
that flux patterns in primary carbon metabo-
lism are relatively stable, that is, respond to 
environmental perturbations with limited 
flux redistribution.

B.  Amino Acids as a Carbon Source

Many heterotrophic tissues derive their 
nitrogen from amino acids. This is typically 
the case in seed embryos that transport amino 
acids provided by parental tissues. In this 
form, nitrogen is reduced and can be directly 
used in metabolism via transamination. 
Considering the nitrogen source (mineral 
versus organic) is crucial not only because 
meeting nutritional requirements influences 
growth but also because amino acids are also 
a carbon source that may enter primary 
metabolism and sustain the TCA cycle, thus 
playing the role of an anaplerotic pathway. 
Junker et al. (2007) compared growth and 
metabolic fluxes in Brassica napus embryos 

cultivated with alanine + glutamine or 
ammonium + nitrate as an organic and inor-
ganic nitrogen source, respectively. When 
inorganic N was used, they observed a sig-
nificant decrease in growth and protein accu-
mulation (reduced by 25%) but an increase 
in lipids (+12%). This effect was possibly 
due to the utilization of reducing power to 
assimilate nitrogen at the expense of biosyn-
theses. Conversely, with an organic N source, 
embryos required less sugar-derived carbon 
to synthesize amino acids and proteins. 
Moreover, since almost 30% of glutamine 
entered the TCA cycle as 2-oxoglutarate, 
thus playing the role of an anaplerotic func-
tion, the flux through the PEPC was 
decreased considerably. Therefore, in 
Brassica napus embryos, the TCA cycle 
appears to be influenced by the N source. 
With inorganic N, the TCA cycle operates as 
a circle as classically described in textbooks 
while with organic N, the flux through the 
isocitrate dehydrogenase is severely 
decreased and even reversed. In fact, isoci-
trate dehydrogenation can be catalyzed by 
two enzyme activities, one being NAD-
dependent and irreversible (IDH) and one 
NADP-dependent and readily reversible 
(ICDH). In the present case, ICDH is pre-
sumably favored upon organic N feeding.

As a consequence, under organic N condi-
tions, ATP produced by oxidative phosphor-
ylation in mitochondria accounts for 22% 
only of ATP required for biosyntheses 
(Schwender et al. 2006). However, it should 
be noted that this flux pattern is not a general 
behaviour. For instance, in Arabidopsis 

Table 12.1. PEPC/PDH ratios in plant tissues

Maize 
root tips(a)

Tomato  
cells(b)

Arabidopsis 
Cells(c)

Sunflower 
embryos(d)

Brassica napus 
embryos(e)

Soybean 
embryos(f)

C. Roseus 
hairy roots(g)

PEPC/PDH
Standard growth 0.5/0.6 0.48 0.37 0.6 0.6 0.38 0.23
Carbon limiting 0 0.31 to 0.25
Elevated O2 0.29

Values are calculated from (a) Dieuaide-Noubhani et al. (1995), (b) Rontein et al. (2002), (c) Williams et al. (2008),  
(d) Alonso et al. (2007b), (e) Junker et al. (2007), (f) Sriram et al. (2004), and (g) Sriram et al. (2007)
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embryos (Lonien and Schwender 2009), 
sunflower embryos (Alonso et al. 2007b) or 
maize embryos (Alonso et al. 2010), all cul-
tivated with sugars and amino acids, the flux 
through isocitrate dehydrogenase favors the 
‘classical’ TCA cycle. This contrasting result 
could be partly explained by the relatively 
high ATP requirements in Arabidopsis 
embryos due to higher protein content. This 
would be especially true in the mutant used 
in that study (wrinkle1), since it accumulates 
twice as much protein and shows a fourfold 
increase in isocitrate dehydrogenase activity 
(Lonien and Schwender 2009). On the other 
hand, the case of maize embryos is specific 
because they accumulate more starch (about 
30% of the dry weight) and less protein (only 
6%). That is, the carbon source is mostly 
used to synthesize starch and absorbed in the 
form of sugars: only 7% of carbon is 
absorbed as amino acids, while this propor-
tion is 15 and 20% in Brassica napus and 
Arabidopsis embryos, respectively.

C. The Malic Enzyme Redirects 
Anaplerotic Carbon to Respiration

The malic enzyme (ME) is present in three 
sub-cellular compartments in plants (plas-
tids, mitochondria and cytosol). It catalyzes 
the conversion of malate to pyruvate + CO2 
and generates NADH (cytosolic and mito-
chondrial isoforms) or NADPH (plastids). It 
is believed that the plastidial isoform (pME) 
plays an important role in reductant supply 
for fatty acids synthesis whereas the mito-
chondrial isoform (mME) is associated with 
catabolism. ME activity is often low in tis-
sues that do not accumulate oil (Dieuaide-
Noubhani et al. 1995; Alonso et al. 2007a). 
However, in C. roseus hairy roots, the flux 
through mME has been found to be rela-
tively high and most of the carbon entering 
the TCA cycle via the PEPC is converted to 
pyruvate via mME activity (Sriram et al. 
2007). Considering that OAA evolved by the 
PEPC is converted to malate in the cytosol 
before being imported into the mitochon-

dria, the authors suggested that this meta-
bolic pathway could be part of a mechanism 
to import reductive power. That way, the 
cytosolic malate dehydrogenase (cMDH) 
would generate NAD+ from NADH (thereby 
reducing OAA in malate) whereas mito-
chondrial malate dehydrogenase (mMDH) 
and mME would generate NADH from 
malate oxidation to OAA and pyruvate, 
respectively. In maize embryos that accumu-
late 34% of carbon as lipids, it has been 
shown that the flux trough the pentose phos-
phate pathway cannot generate enough 
NADPH to sustain fatty acids synthesis at a 
high rate and one third of required NADPH 
is provided by pME (Alonso et al. 2010). By 
comparing pME activity measured in vitro 
(163 nmol h−1 embryo−1) and the effective 
flux (175 nmol h−1 embryo−1), the authors 
further suggested that the enzyme could be 
rate-limiting for fatty acids biosynthesis and 
thus a target for engineering oil composition 
in maize grains.

In seed embryos of the Arabidopsis 
mutant wrinkled1, the flux through plastidial 
pyruvate kinase has been shown to be 
reduced fivefold and seed oil content three-
fold (Lonien and Schwender 2009). However, 
ME activities were increased, suggesting 
that pyruvate biosynthesis was achieved by 
PEPC followed by mME and pME instead of 
glycolysis, thereby providing NADPH for 
fatty acids synthesis. mME would then sus-
tain NADH production and thus mitochon-
drial ATP production for biosyntheses.

V.  Concluding Remarks

Understanding how the TCA cycle operates 
is essential because beyond the classical 
view as just a circle, it is the cornerstone of 
both ATP generation and biosyntheses and 
thus, it is at the heart of metabolic interac-
tions with anaplerosis and other pathways. 
Our ability to understand its role and identify 
regulatory points depends on our ability to 
quantify fluxes. 13C-MFA provides a conve-
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nient way to determine fluxes, including that 
associated with carbon entry into the TCA 
cycle. Having said that, although the meth-
odology is now well documented (including 
practical guidelines for performing and pub-
lishing 13C-MFA, Crown and Antoniewicz 
2013), its application to plant tissues remains 
rather limited. The main reason has to do 
with the practical difficulty to reach the iso-
topic steady-state due to slow turn-over met-
abolic pools. The recent development of 
INST-MFA is likely to provide solutions to 
perform fluxomics analyses in plants. Also, 
methods that use carbon isotopes at natural 
abundance (12C/13C ratios) are likely to pro-
vide insightful data on respiratory metabo-
lism in heterotrophic plant cells. These 
approaches using natural abundance isotope 
and intramolecular isotopic composition 
analysis are presented in Chap. 3.
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Summary

The respiratory pathways of glycolysis, the tricarboxylic acid (TCA) cycle, and mitochondrial 
electron transport chain are central features of carbon metabolism and bioenergetics in eukary-
otic cells. As respiration forms the core of intermediary metabolism, it plays a pivotal role in 
the growth and metabolism of all photosynthetic organisms. The aim of this chapter is to pro-
vide an overview of the occurrence and functions of enzyme post-translational modifications 
(PTMs) in the control of plant respiration including sucrose catabolism. PTMs are covalent 
alterations of amino acid residues within a particular polypeptide. Diverse PTMs represent 
pivotal regulatory events that integrate signaling, gene expression, and metabolism with devel-
opmental and stress responses in eukaryotic cells. These PTMs are often rapid and reversible 
and can not only dramatically alter enzyme activity, but may also generate specific PTM-
dependent docking sites that influence interactions with other proteins. In yeast, enzyme PTMs 
exert more control over glycolysis and mitochondrial metabolism than do changes in tran-
scripts or enzyme abundance, and the same situation likely applies to vascular plants. Recent 
advances in proteomics, particularly the development of novel and specific chemistries along 
with affiliated mass spectrometry techniques for detection and mapping of diverse PTMs, are 
rapidly expanding the catalogue of respiratory enzymes whose functions may be controlled by 
reversible covalent modification. Phosphorylation-dephosphorylation and disulfide-dithiol 
interconversion appear to be the most prevalent types of reversible covalent modification used 
in plant enzyme control. Additional PTMs such as monoubiquitination, S-nitrosylation, and 
acetylation also appear to play important roles. However, the biochemical impact of in vivo 
PTMs on the functional properties of plant respiratory enzymes remains mostly unknown and 
thus remains an important goal for future research. Rational manipulation of PTM events is 
expected to make an important contribution to the implementation of effective biotechnological 
strategies for engineering grain crops for increased yields via metabolic engineering.

I.  Introduction

A. Multi-faceted Functions 
of Plant Respiration

Plant respiration is the controlled oxidation 
of carbon substrates through glycolysis, the 
tricarboxylic acid (TCA) pathway and mito-
chondrial electron transport chain (mETC), 
producing CO2 and ATP (Plaxton and 
Podestá 2006). Respiration also has a cru-
cial role to produce low-molecular-weight 
‘building block’ molecules needed as pre-
cursors for biosynthesis and nitrogen assim-
ilation, as well as various metabolites 
required for plant acclimation to unavoid-
able stresses encountered in their ever-
changing environment (Plaxton and Podestá 

2006; Tcherkez et al. 2012). Respiration 
also helps to ensure the efficient operation 
of other redox pathways, especially photo-
synthesis. The close connection between 
respiration and photosynthesis is an intrigu-
ing and unique aspect of plant metabolism, 
and results in respiration behaving quite dif-
ferently at night and during the day, or oth-
erwise between photosynthetic and 
non-photosynthetic tissues (Sweetlove et al. 
2010; Cheung et al. 2014). Therefore, as 
occurs for photosynthesis and starch metab-
olism, various post-translational enzyme 
controls occur on a diurnal cycle and allow 
respiration in green tissues to operate in dif-
ferent modes during the day versus the 
night. As discussed below, important 
insights into the organization and control of 
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plant respiration have also been gained by 
studies of heterotrophic tissues such as 
developing and germinating seeds, ripening 
fruit, roots and tubers, and suspension cell 
cultures.

B. The Control of Plant Metabolism 
Remains Poorly Understood

As we advance the biotechnological applica-
tion of plants to produce greater and more 
sustainable yields of food, medicine, fiber, 
biofuels, and industrial commodities such as 
biodegradable plastics, a number of impor-
tant resources have become increasingly 
available to guide metabolic engineering 
efforts. Complete genome sequences for a 
growing number of food, biofuel, and indus-
trial crop and tree species are available and 
annotations are improving, as are metabolic 
maps for primary metabolism and increasing 
amounts of secondary metabolism. One 
important area that is lagging behind is our 
understanding of the control of plant metab-
olism (Stitt and Gibon 2014). Our ability to 
manipulate the expression of enzymes via 
metabolic engineering continues to outpace 
our ability to predict the outcome of these 
manipulations on plant metabolism. 
Overexpression and knockout lines of meta-
bolic enzymes frequently have unintended, 
unforeseen and undesirable consequences 
throughout the metabolic network; often the 
desired or predicted outcome is not observed 
(Sweetlove et al. 2008). This is in part due to 
a lack of consideration and of knowledge of 
evolved enzyme regulatory mechanisms that 
are in place to maintain appropriate and opti-
mal rates of metabolic fluxes through the 
various alternative pathways of plant 
metabolism.

C. Post-translational Enzyme 
Regulation Plays a Central Role 
in the Control of Plant Respiration

As with all organisms, plant metabolic fluxes 
respond to environmental conditions and 
developmental processes. Changes in 

enzyme activities are achieved by either 
altering the rate of enzyme synthesis or 
degradation, expressing an alternative 
isozyme with different properties, involving 
allosteric effectors and feedback mechanisms, 
or modifying enzyme activity via post-
translational modifications (PTMs). Each of 
these mechanisms is prevalent in plant cells, 
but the use of PTMs for controlling metabolic 
fluxes is advantageous because they trigger 
rapid, appropriate, and highly precise 
activation or inhibition of key regulatory 
enzymes of specific metabolic pathways. A 
recent study investigated the extent to which 
metabolic flux in the central metabolism of 
oilseed rape embryos is reflected in the 
transcriptome (Schwender et al. 2014). With 
a few exceptions, differential fluxes through 
the major pathways (i.e., glycolysis, TCA 
pathway, amino acid and fatty acid synthesis) 
was not reflected in the abundance of relevant 
transcripts. A subsequent study concluded 
that the major discordance between metabolic 
flux, Vmax, and enzyme abundance indicated 
that fluxes in seed central metabolism were 
not significantly controlled at the level of 
transcription/translation but rather at the 
posttranslational level; i.e., via the allosteric 
control and/or PTM of key enzymes 
(Schwender et al. 2015).

Specific metabolic intermediates often 
allosterically regulate the activity of upstream 
and downstream regulatory enzymes, and 
these feedback inhibition and feed-forward 
activation mechanisms help metabolism to 
be a stable, controllable network. In addition, 
the reversible PTM of key enzymes has long 
been known to play a dominant role in acute 
(i.e., short-term) metabolic control, and is the 
major mechanism whereby cellular metabo-
lism is coordinated and regulated by external 
signals, particularly in animals and vascular 
plants. Through the covalent attachment of 
one or more functional groups to specific 
amino acid residues within a given polypep-
tide, PTMs can function as highly versatile 
molecular switches that control enzyme func-
tion. The general model is that the covalently 
modified enzyme is interconverted between 
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less active (or inactive) and more active 
forms owing to conformational-induced 
effects on the binding of its substrates and/or 
allosteric effectors. PTMs such as protein-
kinase mediated phosphorylation can not 
only dramatically alter an enzyme’s kinetic 
properties, but may also generate PTM-
dependent docking sites that influence its 
interactions with other proteins, subcellular 
localization, or susceptibility to turn-over by 
proteases. PTMs also allows for a very 
marked sensitivity (amplification) to external 
signals, much greater than is possible for an 
enzyme responding to allosteric (metabolite) 
effectors, and indeed, can regulate some 
enzymes in an ‘on-off’ manner.

Some enzyme PTMs may be irreversible as 
in the case of proteolytic cleavage of a transit 
peptide, or may include uncatalyzed 
modifications (e.g. oxidation by reactive 
oxygen species) which are often indicative of 
protein damage. However, reversible, cataly-
zed PTMs represent a crucial mechanism by 
which plants regulate activities of key flux-
controlling enzymes of their metabolic 
pathways, particularly within the evolutionarily 
conserved pathways of glycolysis and 
mitochondrial respiration. Many excellent 
reviews have appeared concerning different 
aspect of the study of protein PTMs in plants 
(Comparot et al. 2003; Huber and Hardin 
2004; Buchanan and Balmer 2005; Moorhead 
et al. 2006; Tran et al. 2012; Rao et al. 2014; 
Friso and van Wijk 2015; Lamotte et al. 2015; 
Plaxton and Shane 2015; Nietzel et al. 2016; 
Wilson et al. 2016).

D. Proteomics Has Revealed 
Widespread and Diverse PTMs 
of Plant Respiratory Enzymes

Proteomics is a rapidly evolving field that 
involves high-throughput identification of 
proteins and their PTMs in specific tissues, 
cells, organelles, or membrane fractions dur-
ing stress acclimation or development. Mass 
spectrometry (MS) based plant proteomic 
screens targeting the identification of specific 
enzyme PTMs have proliferated over the past 

decade owing to remarkable advances in MS 
technologies and related bioinformatic data-
bases. These developments have revealed 
extensive site-specific PTMs of respiratory 
enzymes in diverse plant tissues under differ-
ent environmental and developmental situa-
tions (Huber and Hardin 2004; Plaxton and 
Podestá 2006; Finkemeier et al. 2011; Yao 
et al. 2014; Rao et al. 2014; Plaxton and 
Shane 2015). Although an important first 
step, identifying PTMs of individual proteins 
that occur in vivo raises four additional ques-
tions, as follows:

 1. What is the stoichiometry of the in vivo PTM? 
By stoichiometry, we mean the proportion of 
a given protein that carries a specific PTM.
Stoichiometry must usually be significant 
in order for any PTM to have a meaningful 
impact on the biological function of a target 
protein in a living cell. Many PTMs of low 
stoichiometry are likely to result from the 
non-specificity of catalyzed and uncatalyzed 
biochemical reactions and are an example of 
biochemical noise.

 2. When is/are the particular amino acid residue(s) 
post-translationally modified; i.e. what is the 
timing and order of changes in the PTM status 
of specific respiratory enzymes during develop-
ment or following exposure to stress?

 3. How is/are the particular residue(s) modified? 
The precise mapping of PTMs to specific 
amino acid residues of a polypeptide using 
MS allows the eventual linkage of these PTM 
sites to specific modifying enzymes (e.g. a 
protein kinase isozyme that use ATP to phos-
phorylate a target protein), and ultimately the 
upstream signal-transduction pathways that 
control its expression and/or activity (e.g. see 
Murmu and Plaxton 2007; Hill et al. 2014; 
Fedosejevs et al. 2016).

 4. Why is the enzyme post-translationally modi-
fied? This is perhaps the most important prob-
lem of all, as we must ultimately understand 
how a particular PTM influences the activity 
and biological function(s) of a target enzyme. 
Although proteomic screens have revealed 
that most plant respiratory enzymes appear 
to be subject to multiple PTMs in vivo, in 
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only a handful of cases has a robust charac-
terization of the impact of these PTM events 
on the target enzyme’s biological properties 
been undertaken (Stitt and Gibon 2014; Friso 
and van Wijk 2015). In a distinct approach, 
recent studies have combined flux measure-
ments with metabolomics and phosphopro-
teomics in leaves to demonstrate correlations 
between net photosynthetic assimilation 
and distinct enzyme phosphorylation events 
(Boex-Fontvieille et al. 2014; Abadie et al. 
2016), yet the effect of the majority of these 
phosphorylation events on enzyme catalysis 
has not been documented. As a given PTM 
can affect enzyme properties in different ways 
(or may have no biochemically meaningful 
effect), there clearly remains a huge gap in 
our understanding of many PTM events – we 
know they exist and are seemingly impor-
tant, but we don’t know what they are doing. 
Determining how select PTM events influ-
ence key enzymes participating in respiratory 
metabolism has and will continue to provide 
crucial insights into how plant respiration 
functions and is controlled in vivo.

In this Chapter, we provide a brief descrip-
tion of the allosteric regulation of plant res-
piration by metabolite intermediates, 
followed by the description of the known 
examples of functional characterizations of 
PTMs of plant respiratory pathway enzymes, 
including the sucrose catabolizing enzyme 
sucrose synthase.

II. Phosphoenolpyruvate 
Branchpoint Is a Primary Site 
of Glycolytic and Respiratory Control

The metabolic organization of plant respira-
tion, as depicted in Fig. 13.1a, places partic-
ular importance on the control of 
phosphoenolpyruvate (PEP) metabolism via 
PEP carboxylase (PEPC) and pyruvate 
kinase (PK). In non-plant systems such as 
mammalian liver, primary control of glyco-
lytic flux of hexose-phosphates to pyruvate 
is mediated by the ATP-dependent phospho-

fructokinase (PFK), with secondary control 
at PK. Activation of PFK increases the level 
of its product, fructose-1,6-bisphosphate, 
which is a potent feed-forward allosteric 
activator of the majority of non-plant PKs 
examined to date. By contrast, in vitro and in 
vivo evidence have consistently demon-
strated that plant glycolysis is controlled 
from the ‘bottom up’ with primary and sec-
ondary regulation exerted at the levels of 
PEP and fructose-6-phosphate utilization, 
respectively (Fig. 13.1a) (Plaxton and 
Podestá 2006; Plaxton and O’Leary 2012). 
These findings are compatible with enzymo-
logical studies demonstrating that plant cPK 
is not activated by fructose-1,6-bisphos-
phate, whereas plant PFK- and PPi-
dependent phosphofructokinase (PFP) 
demonstrate potent allosteric inhibition by 
PEP (Plaxton and Podestá 2006). Thus, acti-
vation of cPK or PEPC will relieve the feed-
back inhibition of PFK and PFP exerted by 
PEP, thereby enhancing glycolytic flux from 
the hexose-phosphate pool. Reduced cyto-
solic PEP levels will also elevate Fru-2,6-P2 
levels (and thus activation and inhibition of 
PFP and cytosolic fructose-1,6-bisphospha-
tase, respectively) since a drop in PEP results 
in a fall in 3-phosphoglycerate (these metab-
olites are at equilibrium in vivo), and PEP 
and 3-phosphoglycerate are potent inhibitors 
of the kinase activity of plant F2KP 
(Fig. 13.1a). It follows that the activities of 
cPK and PEPC must be balanced in a con-
certed and well integrated fashion to control 
the overall glycolytic flux of hexose-phos-
phates as well as the provision of mitochon-
dria with pyruvate and oxaloacetate/malate 
respectively needed for production of ATP 
and as biosynthetic precursors. The plastidic 
pyruvate kinase isozyme (pPK) and the shi-
kimate pathway also require PEP as an initial 
substrate for their synthesis of pyruvate + 
ATP, and diverse phenolic compounds, 
respectively. Therefore, PEP metabolism 
represents a pivotal branching point in plant 
carbon metabolism and the various enzymes 
that utilize PEP must be tightly regulated in a 
highly coordinated fashion. Thus, it is not 
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surprising that PK and PEPC are becoming 
important targets for metabolic engineering 
of the PEP branching point to modify levels 
of agronomically important end products, 
such as storage proteins and lipids in 

developing seeds. As discussed below, 
decades of research into the biochemistry of 
plant PEP metabolizing enzymes has 
revealed multiple layers of post-translational 
control including allosteric effectors, PTMs, 

Fig. 13.1. Simplified diagram of plant cytosolic glycolysis showing the location of enzyme PTM’s with experi-
mentally described functions, and key features of their control by allosteric effectors. (a), the glycolytic pathway 
including sucrose hydrolysis has been condensed with dashed boxes indicating pools of grouped metabolites; 
most co-factors and co-substrates have been omitted for simplicity. Selected enzymes have been included to 
highlight metabolic steps under PTM control and orange circles indicate a described PTM modification on 
the corresponding enzyme. Central mechanisms of allosteric inhibition (−) and activation (+) are indicated by 
arrows and illustrate the interrelated importance of PEP and hexose-phosphate metabolism. (b), The synthesis 
and degradation of the potent signal metabolite Fru-2,6-P2 by the bifunctional enzyme P2KP is sensitive to allo-
steric control by several glycolytic intermediates, along with Pi and PPi
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pH, and protein-protein interactions, which 
may vary considerably between subcellular 
location and tissue types.

III. Post-translational Modifications 
of Plant Respiratory Enzymes

A.  Phosphorylation

Phosphorylation was the first protein PTM to 
be discovered and remains the most charac-
terized PTM of eukaryotic proteins 
(Moorhead et al. 2006). Phosphorylation 
participates in the control of virtually all 
aspects of cellular physiology and 
development including signal transduction, 
cell differentiation, cytoskeleton 
organization, active transport (ion pumping), 
gene expression, disease and stress responses, 
and metabolic fluxes. Protein phosphorylation 
is believed to occur with at least 70% of all 
eukaryotic proteins, with the majority having 
multiple phosphorylation sites (Moorhead 
et al. 2006). Protein kinases and phosphatases 
catalyze the covalent incorporation or 
hydrolysis, respectively, of Pi groups on 
target proteins. The central role of protein 
phosphorylation in plant cell biology is 
illustrated by the fact that the largest known 
protein family consists of the protein kinase 
‘superfamily’, accounting for up to 5% of 
the entire genome. The protein phosphatase 
catalytic subunits that hydrolyze Pi from 
phosphoproteins constitute a smaller group 
of genes compared to kinases. However, 
protein phosphatase catalytic subunits (such 
as protein phosphatase type-2A) can 
associate with a large number of other 
proteins to form a wide variety of catalytic 
and regulatory subunit complexes (Moorhead 
et al. 2006).

As outlined below, there is convincing 
evidence for the control of at least seven 
cytosolic or mitochondrial enzymes 
involved in plant respiration by reversible 
phosphorylation. This list will undoubtedly 
expand as recent phosphoproteomic studies 

indicate that the majority of glycolytic, TCA 
pathway and mETC enzymes are in vivo 
phosphorylated in diverse plant tissues at 
some point during their lifetime (Yao et al. 
2014). It is notable that protein phosphory-
lation may not only directly control enzy-
matic activity, but can also generate specific 
docking sites for other proteins, control pro-
tein shuttling within or between cellular 
compartments, and regulate proteolytic deg-
radation (Tang et al. 2003; Hardin et al. 
2004; Huber and Hardin 2004; Moorhead 
et al. 2006). In fact, the generation of phos-
phorylation-dependent docking or interac-
tion sites may be one of the most common 
functions of protein phosphorylation. Of 
particular interest in this regard are the 14-3-
3s, a family of highly conserved and abun-
dant proteins that play a central regulatory 
role in all eukaryotic cells (Comparot et al. 
2003; Huber and Hardin 2004; Moorhead 
et al. 2006; Wilson et al. 2016). The 14-3-3s 
bind to specific phosphorylated sites on 
diverse target proteins, thereby forcing con-
formational changes or influencing interac-
tions between their targets and other 
molecules. In these ways, 14-3-3s ‘complete 
the job’ when phosphorylation alone lacks 
the power to drive changes in enzyme activ-
ity. For example, the phosphorylated forms 
of sucrose-phosphate synthase and nitrate 
reductase, which are key enzymes in C- and 
N-metabolism, respectively, are potently 
inhibited by 14-3-3 binding (Winter and 
Huber 2000; Moorhead et al. 2006). As dis-
cussed below, 14-3-3 proteins appear to par-
ticipate in the control of the phosphorylated 
forms of several enzymes involved in plant 
respiration.

1.  Sucrose Synthase

Heterotrophic plant tissues require a large 
influx of carbon and energy in the form of 
the disaccharide sucrose, the major form of 
photosynthetically assimilated carbon trans-
located from source leaves to sinks via 
phloem. Imported sucrose must initially be 
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converted into hexose-phosphates needed to 
fuel respiration and the biosynthesis of struc-
tural carbohydrates and storage products, 
particularly starch, protein, and triacylglyc-
erides. Sucrose synthase (SuSy) is a key 
player in this process, catalyzing the UDP-
dependent cleavage of sucrose into UDP-
glucose and fructose (Fig. 13.1a). Sucrose 
cleavage is vital for vascular plants, not only 
for the allocation of crucial carbon resources, 
but also for the initiation of hexose-based 
sugar signals that alter the expression of 
diverse genes. Although the SuSy reaction is 
reversible, it generally catalyzes a net sucro-
lytic flux in vivo. The control of SuSy activ-
ity helps to determine sink strength and the 
partitioning of imported sucrose into various 
carbon utilizing pathways, including glycol-
ysis and the TCA pathway (Winter and 
Huber 2000). To fulfill its different func-
tions, SuSy is encoded by a small gene fam-
ily which displays distinct tissue-specific 
expression profiles (Bieniawska et al. 2007). 
Observed differences in SuSy subcellular 
localization, in particular plasma membrane, 
cell wall, and cytoskeletal association, also 
likely contribute to the control of sucrose 
flux to specific pathways (Winter and Huber 
2000; Huber and Hardin 2004; Hardin et al. 
2004; Duncan and Huber 2007; Coleman 
et al. 2009; Brill et al. 2011). SuSy from 
diverse plant tissues is in vivo phosphory-
lated by a Ca2+-dependent protein kinase 
(CDPK) at a conserved seryl residue located 
near its N-terminus. However, the impact of 
SuSy phosphorylation is somewhat perplex-
ing because contrasting effects of this PTM 
on the enzyme’s properties have been 
reported. Studies of SuSy from expanding 
maize leaves, mung bean seedlings, and 
developing tomato and pear fruits indicated 
that N-terminal seryl phosphorylation acti-
vates the enzyme’s sucrolytic activity by 
lowering its Km values for sucrose and UDP 
(Huber et al. 1996; Nakai et al. 1998; 
Anguenot et al. 1999; Komina et al. 2002; 
Tanase et al. 2002). By contrast, the same 
phosphorylation event was reported to 

decrease the association of SuSy with mem-
branes (Huber et al. 1996; Winter et al. 1997; 
Subbaiah and Sachs 2001; Hardin et al. 
2004) or to protect the enzyme from proteo-
lytic degradation (Zhang et al. 1999; Asano 
et al. 2002; Fedosejevs et al. 2014). The dif-
fering effects of N-terminal phosphorylation 
on different SuSy isozymes may reflect the 
various physiological roles of this enzyme 
within plant cells.

Observing how a PTM event responds to 
environmental conditions provides valuable 
insights into the overarching metabolic regu-
latory network and ultimately the physiolog-
ical contribution of a PTM. The extent of 
SuSy N-terminal phosphorylation initially 
increased during exposure of maize roots to 
anoxia (Subbaiah and Sachs 2001), but 
decreased during nitrogen or salt stresses in 
soybean root nodules (Komina et al. 2002), 
or sucrose limitation imposed by depodding 
of developing castor beans (Fedosejevs et al. 
2014). A common connection between these 
treatments is a change in cellular energy 
demands. Furthermore, the CDPK responsi-
ble for N-terminal SuSy phosphorylation in 
developing seeds has been identified. In rice, 
an endosperm-specific CDPK (OsSPK) 
which phosphorylates SuSy at its N-terminal 
site was identified as being essential for 
starch accumulation by the rice grains; 
mutants lacking OsSPK accumulated sucrose 
in the developing endosperm, resulting in 
sterility (Asano et al. 2002). This finding 
strongly implies that phosphorylation main-
tains SuSy activity necessary for rice grain 
filling (Asano et al. 2002). In the oil-rich 
endosperm of developing castor beans, the 
native CDPK that phosphorylates RcSUS1 
(the dominant SuSy isozyme expressed in 
this tissue) was highly purified and identified 
by MS as RcCDPK2, the closest castor 
ortholog to OsSPK (Fedosejevs et al. 2016). 
RcCDPK2 activity displayed insensitivity to 
metabolite effectors and paralleled RcSUS1 
phosphorylation status during the endosperm 
filling stage. Both the native and heterolo-
gously-expressed RcCDPK2 catalyzed Ca2+-
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dependent phosphorylation of RcSUS1 and 
its corresponding dephosphopeptide at Ser11, 
while exhibiting an unusually high affinity 
for free Ca2+ ions [K0.5(Ca2+) < 0.5 μM] 
(Fedosejevs et al. 2016). The phosphoryla-
tion-dependent protection of SuSy from pro-
teolysis was hypothesized to maintain high 
levels of SuSy in developing castor oilseeds 
(which accounts for up to 5% of total soluble 
protein in this tissue), thereby ensuring 
appropriate sink strength and levels of hex-
ose-phosphates needed to support fatty acid 
and storage protein synthesis and affiliated 
respiratory pathways (Fedosejevs et al. 2014, 
2016). It would thus be of interest to deter-
mine how RcSUS1 levels, as well as sucrose 
partitioning via glycolysis towards fatty acid 
synthesis in the developing seeds would be 
influenced in a castor mutant lacking 
RcCDPK2.

2. Fructose-6-Phosphate 2-Kinase/
Fructose-2,6-Bisphosphatase

Fructose-6-phosphate 2-kinase/fructose-
2,6-bisphosphatase (F2KP) is a bifunctional 
enzyme that interconverts fructose-6-phos-
phate and the cytosolic signal metabolite 
fructose-2,6-bisphosphate (Fru-2,6-P2). Low 
concentrations of Fru-2,6-P2 potently acti-
vate the glycolytic ‘bypass’ enzyme PFP 
while inhibiting the oppositely directed glu-
coneogenic enzyme fructose-1,6-bisphos-
phatase (Fig. 13.1a), thereby controlling the 
direction of carbon flux through the upper 
portion of glycolysis. This mechanism is 
important for the in vivo diurnal control of 
photosynthetic carbon partitioning in leaves 
and determining sink strength in heterotro-
phic tissues (Nielsen et al. 2004). Cytosolic 
F2KP levels are controlled by the relative 
rates of F2KP’s kinase and phosphatase 
activities making their reciprocal regulation 
an important control point in plant respira-
tion. F2KP is subject to complex allosteric 
activation and inhibition by several interme-
diates of respiratory metabolism (Fig. 13.1b) 
(Plaxton and Podestá 2006). Furthermore, 
F2KP is phosphorylated in seedlings of the 

model plant Arabidopsis thaliana and subse-
quently binds 14-3-3 proteins (Furumoto 
et al. 2001; Kulma et al. 2004). In photosyn-
thetic tissues, F2KP phosphorylation appears 
to vary diurnally and with leaf age (Furumoto 
et al. 2001). However, additional studies are 
required to evaluate the impact of phosphor-
ylation and 14-3-3 binding on cytosolic Fru-
2,6-P2 levels and F2KP’s in planta activity.

3. Non-phosphorylating Glyceraldehyde-
3-Phosphate Dehydrogenase

Non-phosphorylating glyceraldehyde-
3-phosphate dehydrogenase (GAPN) is an 
alternative NADP+-dependent cytosolic 
bypass of the NAD+-dependent glyceraldehyde- 
3-phosphate dehydrogenase (NAD-GAPDH) 
and 3-phosphoglycerate kinase of classical 
glycolysis (Fig. 13.1a). GAPN catalyzed 
conversion of glyceraldehyde-3-phosphate 
to 3-phosphoglycerate is therefore not cou-
pled to ATP production but represents a 
source of cytosolic NADPH. Given these 
differences, the activity of GAPN in hetero-
trophic tissues is expected to be regulated in 
accordance with cytosolic energy and reduc-
tant demands, and possibly with phosphate 
availability (Plaxton and Podestá 2006). 
GAPN is phosphorylated at Ser404 in devel-
oping wheat endosperm (Bustos and Iglesias 
2002, 2003; Piattoni et al. 2011). 
Phosphorylation triggers its interaction with 
14-3-3 proteins which inhibits GAPN activ-
ity by lowering Vmax while increasing sensi-
tivity to inhibition by ATP and pyrophosphate 
(Bustos and Iglesias 2003). GAPN phos-
phorylation in wheat endosperm is mediated 
by a ribose-5-phosphate sensitive SnrK1-
like kinase activity, which further ties GAPN 
regulation to cellular energy and redox status 
since ribose-5-phosphate levels reflect the 
activity of the ribose-5-phosphate and 
NADPH producing oxidative pentose phos-
phate pathway (Piattoni et al. 2011). 
Phosphorylation and the consequent 14-3-3 
dependent inhibition of GAPN may help 
plants adjust their glycolytic metabolism to 
changing energy status. However, details of 
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physiological situations in which this occurs 
are lacking.

4.  Pyruvate Kinase

Pyruvate kinase is an allosteric enzyme that 
catalyzes the irreversible conversion of PEP 
and ADP into pyruvate and ATP. Plants and 
green algae express cPK and pPK isozymes 
that show dramatic differences in their phys-
ical, immunological, and kinetic/regulatory 
properties (Plaxton and Podestá 2006). 
Genetic studies have confirmed that pPK of 
developing Arabidopsis seeds functions in 
support of fatty acid synthesis (Baud and 
Lepiniec 2010), whereas cPK exerts control 
over glycolytic flux to pyruvate in the plant 
cytosol (Oliver et al. 2008). Plant cPKs char-
acterized to date are sensitive to a variety of 
allosteric effectors. However, glutamate 
functions a potent allosteric inhibitor and 
aspartate as an activator (by relieving gluta-
mate inhibition) of cPK isozymes expressed 
in tissues active in carbon-nitrogen interac-
tions (e.g. developing seeds, mature leaves) 
(Plaxton and O’Leary 2012; O’Leary and 
Plaxton 2015). cPK from developing soy-
bean seeds was proposed to be phosphory-
lated in vivo which was hypothesized to 
trigger its proteolytic degradation (Tang 
et al. 2003). Indeed, proteolytic turn-over of 
cPK may be an important mechanism of 
control. However, the extent and function of 
in vivo cPK phosphorylation in plants 
requires confirmation.

5.  Class-1 and Class-2 PEP Carboxylase

PEPC is a tightly regulated cytosolic enzyme 
that catalyzes the irreversible β-carboxylation 
of PEP in the presence of HCO3

− to yield 
oxaloacetate and Pi. In C4 and crassulacean 
acid metabolism, photosynthetic PEPCs have 
been widely studied owing to their central 
role in atmospheric CO2 fixation. PEPC also 
fulfils crucial non-photosynthetic functions, 
particularly the anaplerotic replenishment of 
TCA pathway intermediates consumed dur-
ing biosynthesis and N-assimilation (O’Leary 

et al. 2011c). Furthermore, when combined 
with mitochondrial NAD-malic enzyme and 
malate dehydrogenase, PEPC also serves as 
an alternative to cPK for conversion of PEP 
into pyruvate. Metabolic flux analysis has 
shown that this “cPK bypass” pathway con-
tributes to pyruvate formation in certain tis-
sues (Schwender et al. 2006).

To fulfill its diverse physiological roles 
vascular plant PEPC belongs to a small 
multi-gene family encoding several plant-
type PEPCs (PTPCs), as well as a distantly 
related bacterial-type PEPC (BTPC) 
(O’Leary et al. 2011c). PTPC genes encode 
similar 105–110 kDa polypeptides that typ-
ically assemble as Class-1 PEPC tetramers 
that are post-translationally controlled by 
several allosteric effectors in conjunction 
with reversible phosphorylation and (as dis-
cussed below) monoubiquitination. By con-
trast, plant BTPC genes encode 116–118 kDa 
polypeptides exhibiting low (<40%) 
sequence identity with PTPCs and that 
 contain a prokaryotic-like (R/K)NTG 
C-terminal tetrapeptide (Gennidakis et al. 
2007, O’Leary et al. 2011c). Purification of 
anaplerotic PEPCs from unicellular green 
algae and then developing castor oil seeds 
led to the discovery of distinct high molecu-
lar mass Class-2 PEPC hetero-octameric 
complexes composed of a Class-1 PEPC 
core tightly associated with four BTPC sub-
units (Fig. 13.2) (Rivoal et al. 2001; Blonde 
and Plaxton 2003; Gennidakis et al. 2007). 
BTPC genes are a monophyletic group 
which arose in green algae and native BTPC 
polypeptides have only been observed 
tightly associated with PTPC subunits 
within a Class-2 PEPC complex (O’Leary 
et al. 2011c). The BTPC subunits of Class-2 
PEPC are both catalytic and regulatory as 
they substantially desensitize the associated 
PTPC subunits to allosteric inhibition by 
malate and aspartate (Blonde and Plaxton 
2003; O’Leary et al. 2009). BTPC and thus 
Class-2 PEPC  complexes are less common 
than Class-1 PEPCs and since their discov-
ery in unicellular green algae (Rivoal et al. 
2001) have only been observed in actively 
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expanding sink tissues such as developing 
castor oil seeds and pollen, and immature 
leaves (Gennidakis et al. 2007; Igawa et al. 
2010; O’Leary et al. 2011b). Key regula-
tory features of Class-2 PEPCs are their 
marked insensitivity to allosteric effectors 
relative to Class-1 PEPC (Rivoal et al. 
2001, Blonde and Plaxton 2003, O’Leary 
et al. 2009), and a dynamic association with 
the mitochondrial outer membrane (as 
opposed to the diffuse cytosolic location of 
Class-1 PEPCs) (Park et al. 2012). 
Mitochondrial-associated Class-2 PEPC 
was hypothesized to facilitate rapid refix-
ation of respiratory CO2 while sustaining a 
large anaplerotic flux to replenish 
C-skeletons (of the TCA pathway) with-
drawn for biosynthesis (Park et al. 2012). 
Both Class-1 and Class-2 PEPCs are sub-
jected to multiple regulatory PTMs which 
have helped to clarify their respective phys-
iological roles in planta.

PTPC phosphorylation at its conserved 
N-terminal serine residue is catalyzed by a 
dedicated Ca2+-independent PTPC protein 
kinase (PPCK). This PTM enhances alloste-
ric activation of Class-1 PEPCs by hexose 
phosphates while diminishing their feedback 
inhibition by malate and aspartate (Chollet 
et al. 1996, Law and Plaxton 1997, Nimmo 
2003, Izui et al. 2004, Tripodi et al. 2005, 
Gregory et al. 2009, O’Leary et al. 2011c). 
Several lines of evidence including trans-
genic plants expressing a phospho-mimetic 
version of Class-1 PEPC have verified that 
phosphorylation increases in vivo anaple-
rotic flux of PEP to oxaloacetate (Rademacher 
et al. 2002; Nimmo 2003; Figuero et al. 
2016). Owing to the importance of phos-
phorylation as a regulatory mechanism of 
photosynthetic and non-photosynthetic 
Class-1 PEPCs, extensive PPCK studies 
have been performed, including its cloning 
from crassulacean acid metabolism, C4 and 
C3 plants (Saze et al. 2001; Nimmo 2003; Xu 
et al. 2003, 2007; Sullivan et al. 2004; 
Fukayama et al. 2006; Murmu and Plaxton 
2007, O’Leary et al. 2011b). Consequently, 
PPCK-mediated phosphorylation of Class-1 

PEPC continues to provide one of the best 
characterized examples of regulatory 
enzyme phosphorylation in the plant 
kingdom.

Although BTPC polypeptides lack the 
conserved N-terminal phosphorylation site 
of PTPCs, the BTPC subunits of Class-2 
PEPC from developing castor bean endo-
sperm are subject to in vivo regulatory 
phosphorylation on at least two seryl resi-
dues (Ser425 and Ser451). Phosphorylation at 
either site inhibits BTPC activity by 
decreasing the enzyme’s affinity for PEP 
while increasing sensitivity to allosteric 
inhibition by malate and aspartate (Uhrig 
et al. 2008a; O’Leary et al. 2011c; Dalziel 
et al. 2012; Hill et al. 2014; Ying et al. 
2017). The pattern of occurrence of these 
inhibitory BTPC phosphorylation events 
within castor bean seeds differ markedly 
from the activation by phosphorylation of 
PTPC-containing Class-1 PEPC within the 
same tissue (Fig. 13.2) (Murmu and Plaxton 
2007; Tripodi et al. 2005). Phosphorylation 
of BTPC at Ser425 and Ser451increases 
throughout endosperm development and in 
response to sucrose limitation by depod-
ding (O’Leary et al. 2011c; Dalziel et al. 
2012). These differences imply that castor 
bean BTPC versus PTPC phosphorylation 
are mediated by different protein kinases. 
This hypothesis was strongly supported by 
the purification and characterization of the 
PPCK that phosphorylates PTPC subunits 
of castor bean Class-1 PEPC (Murmu and 
Plaxton 2007), as well as the castor bean 
CDPK that catalyzes Ca2+-dependent 
BTPC phosphorylation at Ser451 (Hill et al. 
2014; Ying et al. 2017). The CDPK was 
highly purified from developing castor 
beans and identified by MS as RcCDPK1 
(Ying et al. 2017). Both native and heter-
ologously expressed RcCDPK1 displayed 
high specificity for phosphorylating castor 
bean BTPC at Ser451 as they could not 
phosphorylate BTPC at any other site, 
Class-1 PEPC or SuSy, nor various syn-
thetic peptides in vitro (Hill et al. 2014; 
Ying et al. 2017).
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6. The Mitochondrial Pyruvate 
Dehydrogenase Complex

The mitochondrial pyruvate dehydrogenase 
complex (mPDH) is an important enzyme 
complex that connects glycolysis with the 
TCA pathway by catalyzing the irreversible 
conversion of pyruvate, coenzyme A, and 
NAD+ into acetyl-CoA, NADH, and CO2. 
mPDH activity is regulated by feedback 
inhibition by NADH and acetyl-CoA, and 
reversibly inactivated following phosphory-
lation of its E1α subunits (Tovar-Mendez 
et al. 2003). Although many other mitochon-
drial phosphoproteins have been identified 
(Yao et al. 2014), mPDH remains the only 

well-established example of a regulatory 
phosphorylation event with plant mitochon-
dria. mPDH phosphorylation status is 
controlled by its tightly associated, dedicated 
PDH-kinase and PDH-phosphatase 
(Fig. 13.3). PDH-kinase activity is stimulated 
by ATP and NH4

+ and inhibited by pyruvate 
and ADP. These allosteric features of PDH-
kinase are thought to explain why leaf mPDH 
is rapidly phosphorylated and inhibited in 
the daytime when high photorespiratory flux 
produces high ATP and NH4

+ levels within 
the matrix (Tovar-Mendez et al. 2003; 
Tcherkez et al. 2012). A decrease in the 
expression level of PDH-kinase has also 
been linked to higher rates of respiration in 

Fig. 13.2. Multiple PTMs of plant PEPC isoforms provide a range of catalytic and regulatory properties. The 
effects of known regulatory reversible PTMs are compared qualitatively to an unmodified Class-1 PEPC homo-
tetramer of PTPC subunits. All PEPC isoforms and modifications occur during development and germination of 
castor bean seeds. In developing endosperm, Class-1 PEPC is activated in vivo by sucrose-dependent phosphory-
lation of Ser11 (Tripodi et al. 2005, Murmu and Plaxton 2007). In the germinating endosperm, approximately half 
of the PTPC subunits of Class-1 PEPC become monoubiquitinated at Lys628, inhibiting enzyme activity (Uhrig 
et al. 2008a). The Class-2 PEPC hetero-octamer that dynamically associates with the mitochondrial outer enve-
lope in vivo is highly expressed in developing castor endosperm and cotyledons and is markedly desensitized to 
allosteric feedback inhibitors (Blonde and Plaxton 2003; Gennidakis et al. 2007; O’Leary et al. 2009; Park et al. 
2012). The BTPC subunits of Class-2 PEPC are subject to inhibitory in vivo phosphorylation at Ser425 and Ser451 
which increases when sucrose supply is eliminated by removing (depodding) the seeds from the plant (O’Leary 
et al. 2011c; Dalziel et al. 2012; Hill et al. 2014; Ying et al. 2017)
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leaves and developing seeds of Arabidopsis 
plants (Marillia et al. 2003).

7.  ATP Synthase

ATP synthase is an integral protein com-
plex of the mitochondrial inner membrane 
that catalyzes respiratory ATP production 
from ADP and Pi using proton motive 
force established by the mETC. A phos-
phorylation dependent interaction of 
14-3-3 proteins with the F1 β-subunit of 

ATP synthase was reported to inhibit mito-
chondrial respiratory activity in vitro 
(Bunney et al. 2001). However, the signifi-
cance of 14-3-3 interactions within the 
mitochondria requires further study 
because 14-3-3 proteins lack a canonical 
N-terminal mitochondrial target peptide. It 
is possible, however, that 14-3-3 proteins 
‘hitchhike’ on mitochondrial precursor 
proteins during their translocation from the 
cytosol into the mitochondrial matrix 
(Wilson et al. 2016).

Fig. 13.3. A simplified diagram showing experimentally observed sites of enzyme PTMs within mitochondrial 
organic acid metabolism. The pyruvate dehydrogenase complex (PDH) is controlled by regulatory phosphoryla-
tion by a PDH-phosphatase and a PDH-kinase which is under allosteric control. Four enzymes within the TCA 
pathway have been shown by in vitro assays to be affected by Trx-mediated thiol reduction, yet because of con-
flicting reports further evidence is needed to explain the control of the TCA pathway by Trx
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B.  Monoubiquitination

Ubiquitination is the covalent attachment of 
the small protein ubiquitin to lysine 
residue(s) of a target protein. Ubiquitin is a 
highly conserved 76 amino acid polypeptide 
of approximately 8 kDa that is covalently 
attached through an isopeptide bond between 
its C-terminal glycine residue and the 
ε-amino group of a lysine residue on the tar-
get protein. A multi-enzyme system consist-
ing of activating (E1), conjugating (E2), and 
ligating (E3) enzymes attach ubiquitin to 
cellular proteins. The specificity of ubiquiti-
nation is ensured by a huge number of differ-
ent E3 ligases which recognize particular 
target proteins; e.g. about 1400 Arabidopsis 
genes encode different E3 ligases. 
Polyubiquitination is a common PTM that 
tags many proteins, including Class-1 PEPC 
(Agetsuma et al. 2005), for degradation by 
the 26S proteasome. However, protein 
monoubiquitination has emerged as wide-
spread, non-destructive, and reversible PTM 
that controls the activity and subcellular 
location of a wide assortment of eukaryotic 
proteins. Studies of protein monoubiquitina-
tion in yeast and animal cells have estab-
lished that this PTM functions to recruit 
‘client proteins’ containing a ubiquitin-bind-
ing domain, thereby mediating 
protein:protein interactions that influence 
diverse cellular processes including gene 
expression, endocytosis, and signal trans-
duction pathways (Plaxton and Shane 2015).

MS analysis of PTPC subunits of native 
Class-1 PEPC purified from the endosperm 
of germinating castor bean seeds led to the 
serendipitous discovery of what appears to 
be the first precedent for regulatory monou-
biquitination of a metabolic enzyme in 
nature (Uhrig et al. 2008b). PTPC monou-
biquitination at a conserved lysine residue 
located near the catalytic site was subse-
quently shown to be a widespread PTM of 
PTPC subunits of Class-1 PEPC from 
diverse plant tissues and species (Igawa et al. 
2010; O’Leary et al. 2011a; Shane et al. 

2013; Ruiz-Ballesta et al. 2014, 2016; 
Figueroa et al. 2016). The presence of 
Class-1 PEPC monoubiquitination is easily 
recognized as it creates an immunoreactive 
PTPC doublet of ~110 and 107 kDa on PTPC 
immunoblots, with the higher Mr band being 
a monoubiquitinated form of the lower band. 
Monoubiquitination inhibits PEPC activity 
by increasing enzyme Km(PEP) and 
sensitivity to allosteric inhibitors (malate, 
Asp), while reducing sensitivity to allosteric 
activators (hexose-phosphates, glycerol-3-
phosphate) (Uhrig et al. 2008b; Shane et al. 
2013; Ruiz-Ballesta et al. 2014). This PTM 
therefore clearly opposes the activating 
effect of PTPC subunit phosphorylation on 
Class-1 PEPC activity. Progression from 
PTPC monoubiquitination to phosphorylation 
and vice versa has been observed in specific 
tissues in response to developmental changes 
or altered sucrose supply (Uhrig et al. 2008b; 
O’Leary et al. 2011a; Shane et al. 2013; 
Ruiz-Ballesta et al. 2014, 2016).

Further evidence for a connection between 
sucrose supply and the reciprocal control of 
Class-1 PEPC by phosphorylation versus 
monoubiquitination was provided by a recent 
study in which trehalose-6-phosphate (Tre-
6-P) signaling was shown to operate 
upstream of the post-translational activation 
of Class-1 PEPC in Arabidopsis leaves by 
deubiquitination followed by phosphoryla-
tion (Figueroa et al. 2016). Tre-6-P levels in 
plant cells reflect sucrose availability and 
according to the sucrose-Tre-6-P nexus 
model, Tre-6-P functions as a signal metabo-
lite that conveys cellular carbon status by 
modulating flux through the major pathways 
of carbohydrate catabolism including respi-
ration (O’Hara et al. 2013; Figueroa and 
Lunn 2016). Inducible expression of the Tre-
6-P synthase gene otsA in Arabidopsis seed-
lings increased Tre-6-P levels that triggered 
Class-1 PEPC activation by in vivo deubiq-
uitination and subsequent phosphorylation, 
which coincided with increased anaplerotic 
flux of PEP into organic acids (Figueroa 
et al. 2016). Remarkably, nitrate reductase 
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was also post-translationally activated by the 
increased Tre-6-P levels, which points to a 
coordination of nitrate reduction and supply 
of organic anions (i.e., 2-oxoglutarate and 
oxaloacetate) needed for N-assimilation and 
amino acid synthesis. Important areas for 
future research include assessing: (i) the 
mechanism by which elevated Tre-6-P medi-
ates deubiquitination and subsequent phos-
phorylation of the PTPC subunits of Class-1 
PEPCs, (ii) potential ubiquitin-binding 
domain proteins that might interact with 
monoubiquitinated Class-1 PEPCs, as well 
as the possible influence of this PTM on the 
enzyme’s subcellular location.

Regulatory monoubiquitination may turn 
out to be relatively commonplace for 
enzymes other than PEPC that are involved 
in plant metabolism. Indeed a recent report 
demonstrated that monoubiquitination mark-
edly inhibited the activity of a cytosolic 
NAD-GAPDH isozyme from Arabidopsis 
while triggering its relocation from the cyto-
sol into the nucleus (where NAD-GAPDH 
may have a ‘moonlighting’ function as a 
transcription factor) (Peralta et al. 2016).

C.  Disulfide-Dithiol Interconversion

Thioredoxins (Trxs) are small ubiquitous 
thiol-oxidoreductases involved in cellular 
redox regulation in all domains of life. 
Within chloroplasts a robust system of Trx 
mediated redox control of carbon assimila-
tory metabolism has long been established 
where, in the light, Trx proteins are reduced 
by the photosynthetic electron transport 
chain via ferredoxin and in turn reduce thiol 
groups on target enzymes altering their activ-
ity (Buchanan and Balmer 2005). This pro-
cess is critical for the light-dependent 
activation and inhibition of the stromal-
localized reductive and oxidative-pentose 
phosphate pathways, respectively. A Trx 
mediated control network also operates in 
the cytosol and mitochondria via cytosolic 
and mitochondrial targeted NADPH-
dependent Trxs and Trx-reductases (Balmer 

et al. 2004; Yoshida et al. 2013; Daloso et al. 
2015). The existence of such a system is 
unsurprising because mitochondria reor-
chestrate carbon metabolism and maintain 
suitable redox conditions in response to 
changing cellular and environmental condi-
tions. However, the details of how this sys-
tem functions in vivo to regulate individual 
mitochondrial enzymes and respiration as a 
whole are still being uncovered, and this 
remains an area of high research interest. As 
with all PTMs, there are currently many 
putative cytosolic and mitochondrial Trx tar-
get enzymes, but only a few well character-
ized examples of regulatory effects of Trx 
mediated redox modifications; these are 
described below. However, in vitro studies of 
the potential effects of redox control are 
often tested under extremely oxidizing or 
reducing conditions that may not be prevalent 
in vivo, and the in vivo redox status of 
enzymes is easily lost upon extraction and 
therefore not easily quantified (Nietzel et al. 
2016). Care must therefore be taken to use 
physiologically relevant redox conditions 
and reductants like Trx whenever possible to 
avoid misleading results.

1.  Glycolytic and TCA Pathway Enzymes

The discovery of plant cytosolic (and mito-
chondrial) specific Trxs suggested that disul-
fide-dithiol interconversion may also 
participate in the control of plant respiration 
(Balmer et al. 2004; Buchanan and Balmer 
2005). That plant glycolytic enzymes might 
be subject to disulfide-dithiol control in vivo 
was indicated by the observations that 
reduced thiol groups: (i) cause activation of 
plant cytosolic NAD-GAPDH, and (ii) elicit 
maximal activation of plant PFP by Fru-
2,6-P2 (Plaxton and Podestá 2006). Plant 
PPCK may also be under thioredoxin control 
as the maize leaf and developing castor bean 
enzyme was rapidly inactivated by incuba-
tion with oxidized glutathione and reacti-
vated by subsequent incubation with thiol 
reducing agents, particularly in the presence 
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of thioredoxin (Saze et al. 2001; Murmu and 
Plaxton 2007). Similar results were obtained 
with the CDPK that catalyzes inhibitory 
BTPC phosphorylation at Ser451 in develop-
ing castor beans (Hill et al. 2014).

Proteomic studies have assessed possible 
in vivo targets for thioredoxin action in the 
mitochondria and cytosol of Arabidopsis 
(Balmer et al. 2004). Cytosolic aldolase and 
NAD-GAPDH were determined to be likely 
targets for Trx-mediated disulfide to dithiol 
interconversion. The same study identified 
50 probable Trx-linked proteins in plant 
mitochondria that are involved in photores-
piration, the TCA pathway, mETC, and ATP 
synthesis, amongst other processes (Balmer 
et al. 2004). Deduced amino acid sequences 
for most of these proteins contained a pair of 
conserved cysteine residues consistent with 
these residues being Trx targets. 
Unsurprisingly, the activity of TCA pathway 
enzymes citrate synthase, isocitrate dehydro-
genase, succinate dehydrogenase, and fuma-
rase were reported to respond to Trx-mediated 
thiol reduction (Fig. 13.3). Arabidopsis 
mitochondrial citrate synthase was activated 
in vitro by Trx thiol reduction, particularly at 
Cys365, likely due to reduction of an inter-
subunit disulfide bond (Schmidtmann et al. 
2014; Daloso et al. 2015). Oxidized 
Arabidopsis mitochondrial NAD+ dependent 
isocitrate dehydrogenase forms inhibitory 
inter-subunit disulfide bridges that could be 
reduced by Trx, partially restoring activity 
(Yoshida and Hisabori 2014). However, a 
separate study produced the opposite result, 
observing inhibition of isocitrate dehydroge-
nase by Trx (Daloso et al. 2015). To identify 
functional regulation of the TCA pathway by 
Trx, Daloso et al. (2015) characterized maxi-
mal extractable enzyme activities and meta-
bolic fluxes in Arabidopsis lines lacking 
Trx-o, a mitochondrion targeted Trx, or the 
NADP-Trx-reductases (ntra and ntrb). The 
results revealed complex effects of the muta-
tions on mitochondrial metabolism and it 

was hypothesized that both mitochondrial 
succinate dehydrogenase and fumarase were 
inhibited by Trx in vivo (Daloso et al. 2015). 
Clearly, more research is required to deter-
mine the extent to which disulfide-dithiol 
interconversion of plant glycolytic and mito-
chondrial enzymes function as regulatory 
switches in vivo.

2.  Alternative Oxidase of the mETC

Alternative oxidase (AOX) is a prominent 
feature of plant mETC because it allows 
increased flexibility in the extent that respi-
ratory electron transport is coupled to the 
generation of proton motive force across the 
inner mitochondrial membrane and conse-
quent ATP synthesis by ATP synthase. 
Depending on its activation state, AOX 
diverts electrons from ubiquinone directly to 
O2, thus bypassing the proton pumping 
activities of Complex III and IV. This greatly 
reduces the ATP yield of respiration, but also 
helps minimize the creation of harmful reac-
tive oxygen species that would otherwise 
occur if mETC components were overly 
reduced, especially during any abiotic stress 
that hinders electron flux to O2 via Complex 
III and IV (Vanlerberghe 2013). AOX exists 
in the mitochondrial inner membrane as 
either a non-covalently or covalently linked 
homodimer. When the subunits are cova-
lently linked by an intersubunit disulfide 
bond AOX is inactive. When this disulfide is 
reduced to dithiol groups by a specific Trx-h 
isozyme, the AOX subunits become non-
covalently associated (Gelhaye et al. 2004). 
AOX activation results from an interaction 
of these reduced regulatory thiols with 
α-keto acids (i.e. pyruvate, oxaloacetate) 
(Umbach et al. 2006; Vanlerberghe 2013). 
Hence, AOX activity appears to be modulated 
by both glycolytic flux to pyruvate and the 
redox state of the mitochondria which 
controls Trx-h activity. This view would be 
consistent with the increased electron flux to 
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AOX in complex I mitochondrial mutants 
that are believed to have higher NADH/
NAD+ ratios in the mitochondrial matrix (see 
also Chap. 1).

D.  S-Nitrosylation

Nitric oxide (NO) has emerged as a key sig-
naling molecule in eukaryotic cells that con-
trols the activity and expression of various 
enzymes in response to various endogenous 
and exogenous stimuli (Lamotte et al. 2015). 
Analyses of NO-dependent events in animal 
systems have demonstrated that 
S-nitrosylation of cysteine is an important 
control mechanism for enzymes. The sensi-
tivity towards S-nitrosylation is determined 
by the proximity of cysteine residues to spe-
cific intracellular sources of NO, by the redox 
status of the microenvironment, and by the 
sequence of residues that flank the target cys-
teine. Leaves and roots of healthy plants pro-
duce and emit NO, and at least 100 possible 
targets of S-nitrosylation in plants have been 
identified by searching the SwissProt data-
base for the degenerate motif that is charac-
teristic of S-nitrosylated proteins (Huber and 
Hardin 2004). This in silico analysis was cor-
roborated by proteomic studies of Arabidopsis 
that identified numerous proteins as likely 
candidates for S-nitrosylation (Lindermayr 
et al. 2005). Interestingly, several glycolytic 
and TCA pathway enzymes including aldol-
ase, NAD-GAPDH, enolase, PEPC, and 
malate dehydrogenase were amongst the 
S-nitrosylated respiratory enzymes that were 
identified. At the enzymatic level, 
NO-dependent reversible inhibition of cyto-
solic NAD-GAPDH activity suggested that 
this enzyme might be controlled by 
S-nitrosylation in vivo (Lindermayr et al. 
2005; Zaffagnini et al. 2013).

The mETC appears to be a major source 
of NO emissions in plants (see Chap. 10). 
The disruption of oxidative phosphorylation 
by NO has been suggested to occur via the 
direct inhibition of cytochrome oxidase (i.e., 
Complex IV) by NO. Although this distur-

bance of mitochondrial function by NO may 
be harmful to the plant cell, a possibly greater 
deleterious impact of NO is avoided by the 
presence of AOX. Unlike cytochrome oxi-
dase, electron flow through AOX is insensi-
tive to NO, and AOX expression is induced 
by NO in Arabidopsis (for a review, see 
Plaxton and Podestá 2006). Far more 
research is required to fully assess the rela-
tionships between NO and plant respiration, 
including the extent and importance of 
reversible S-nitrosylation of key enzymes 
involved in glycolytic and respiratory 
control.

E. Lysine Acetylation in Plants: 
The Picture Is Still Unclear

Reversible lysine-acetylation, catalyzed by 
lysine-acetyltransferases and lysine-deacety-
lases, is a PTM that has received consider-
able recent attention from proteomic studies 
which detected its presence on numerous 
enzymes throughout metabolism in all 
domains of life (Choudhary et al. 2009; 
Wang et al. 2010; Zhao et al. 2010; 
Finkemeier et al. 2011; Wu et al. 2011; Tran 
et al. 2012; Wagner and Payne 2013; Konig 
et al. 2014; Weinert et al. 2014). In animals, 
yeast, and bacteria there is compelling evi-
dence that reversible Lys-acetylation partici-
pates in the control of oxidative carbon 
metabolism (Wang et al. 2010; Zhao et al. 
2010). However, it remains to be determined 
whether lysine-acetylation plays a similar 
role in controlling plant respiration. An 
important feature of lysine-acetylation is that 
the covalent attachment of an acetyl-group 
to protein lysine residues can also occur non-
enzymatically in a spontaneous chemical 
reaction that uses acetyl-CoA as the acetyl 
donor (Wagner and Payne 2013; Konig et al. 
2014). As a consequence, the stoichiometry 
of the vast majority of detected lysine-acety-
lation events is very low: 86% of detected 
events have a stoichiometry below 0.1% in 
the yeast proteome (Weinert et al. 2014). 
Neither plastids nor mitochondria of plant 
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cells are thought to contain an acetyltransfer-
ase, but both organelles contain relatively 
high concentrations of acetyl-CoA compared 
to other compartments that might promote 
spontaneous protein acetylation (Konig et al. 
2014). This indicates that the covalent 
attachment of acetyl groups to lysine may 
not be a controlled process in these 
organelles. However, Arabidopsis knockout 
lines lacking the mitochondrial lysine 
deacetylase SRT2 displayed modified 
mitochondrial adenylate transport and 
respiratory metabolism which correlated 
with differences in enzyme acetylation status 
(Konig et al. 2014). Therefore, the 
mitochondrial deacetylation process is 
important and controllable via SRT2 activity. 
What remains unclear is whether SRT2 
functions simply as a general ‘housekeeping’ 
deacetylase that non-specifically reverses 
lysine-acetylation events to mitigate general 
protein damage, or whether SRT2 targets 
specific lysine-acetylation sites to precisely 
adjust metabolic fluxes. This question cannot 
currently be addressed in plants because, 
unlike in animals and yeast, there are no 
well-established examples of how acetylation 
controls plant enzyme function.

IV.  Conclusions and Perspectives

After having described known examples of 
regulatory PTMs involved in the control of 
plant respiration, we can point to some 
emerging patterns, although we recognize 
that far more studies of the functional impact 
of enzyme PTMs are required.

Firstly, PTMs often alter the allosteric 
regulation of target enzymes by metabolite 
effectors. This was demonstrated for phos-
phorylated forms of GAPN, PTPC subunits 
of Class-1 PEPC, BTPC subunits of Class-2 
PEPC, mPDH, as well as the monoubiquiti-
nation of PTPC and NAD-GAPDH, and 
thiol-reduction of AOX. Modifying the sen-
sitivity to allosteric effectors exerts a large 

impact on metabolic flux through tightly 
regulated enzyme such as PEPC and AOX 
(Gelhaye et al. 2004; Rademacher et al. 
2002; Radchuk et al. 2007; Vanlerberghe 
2013). This also demonstrates the impor-
tance of thoroughly characterizing the influ-
ence that PTMs exert on enzyme kinetic 
properties, beyond simple assays of maximal 
activity under optimal conditions.

Secondly, phosphorylation-dependent 
protein-protein interactions with 14-3-3 pro-
teins, which are prominent throughout plant 
primary metabolism, including nitrate reduc-
tase, sucrose-phosphate synthase, and gluta-
mine synthase, also occur with several 
respiratory enzymes including GAPN, F2KP, 
and ATP synthase (Bunney et al. 2001; 
Bustos and Iglesias 2002, 2003; Kulma et al. 
2004; Comparot et al. 2003). The coordina-
tion of these 14-3-3 interactions seems likely 
to facilitate the integration of nitrogen and 
carbohydrate metabolism especially during 
light-to-dark transitions (Comparot et al. 
2003). Changes in enzyme proteolytic sus-
ceptibility is another potential regulatory 
effect of phosphorylation that has been sug-
gested for multiple respiratory enzymes such 
as SuSy and cPK (Tang et al. 2003; Zhang 
et al. 1999; Asano et al. 2002; Fedosejevs 
et al. 2014, 2016). However, more direct 
experimental methods are needed to prove 
these connections.

There also appears, so far, to be a distinc-
tion between the PTMs that control cyto-
solic versus mitochondrial metabolisms. 
Mitochondrial enzymes seem more likely to 
be regulated by thiol redox status while 
cytosolic enzymes seem to be more likely 
regulated by phosphorylation. This pattern 
might reflect the need for rapid redox-depen-
dent metabolic adjustment within mitochon-
dria. Furthermore, the established 
mechanisms controlling reversible mPDH-
phosphorylation depends upon mitochon-
drial metabolic status rather than signal 
transduction from the cytosol. Altogether 
this suggests that the mitochondrion main-

Brendan M. O’Leary and William C. Plaxton



279

tains some degree of autonomy when it 
comes to the control of respiratory enzymes 
by PTMs.

The molecular identification of protein 
kinases responsible for phosphorylation of 
SuSy, PTPC, and BTPC along with the find-
ing that Tre-6-P activates Class-1 PEPC by 
triggering phosphorylation of its PTPC sub-
units indicates that we are finally starting to 
piece together a regulatory kinase network 
that integrates the control of respiratory 
metabolism with N-assimilation and sucrose 
supply. Further research must continue to 
bridge the gap between signal transduction 
pathways that link Tre-6-P dependent 
sucrose signaling and crucial target enzymes 
such as PEPC and nitrate reductase. It is 
likely that the energy status sensing kinase, 
SnrK1, which phosphorylates nitrate reduc-
tase, sucrose phosphate synthase, F2KP 
(Kulma et al. 2004), along with major tran-
scription factors (Mair et al. 2015), is 
involved at some level in controlling respi-
ratory enzyme phosphorylation under 
changing conditions (O’Hara et al. 2013; 
Figueroa et al. 2016).

In conclusion, high-throughput proteomic 
studies have indicated that the majority of 
plant glycolytic, TCA pathway, and mETC 
enzymes are subject to in vivo PTMs such as 
phosphorylation in a broad variety of plant 
tissues and species. For example, more than 
50% of the proteins detected in a potato 
mitochondrial proteome were post-transla-
tionally modified on at least one site, with 
about 100 different proteins having at least 
ten different PTMs (Rao et al. 2017). 
However, the functional significance of the 
vast majority of these PTMs awaits detailed 
studies of the target enzymes and signaling 
pathways that control activities of their mod-
ifying enzymes. Given the central role that 
respiration plays in crop productivity, a 
detailed understanding of how PTMs influ-
ence key flux-controlling enzymes of gly-
colysis, the TCA pathway, and mETC is of 
significant practical interest. This fundamen-
tal knowledge is expected to facilitate the 

development of rational approaches for crop 
improvement via metabolic engineering, as 
well as to help predict plant responses to 
global climate change.
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Summary

Plant respiratory metabolism and its associated CO2 efflux rate has been extensively studied 
in the past decades, and there is now a considerable body of data showing that respiration 
can be influenced by multiple factors, including temperature, gaseous conditions, and nutri-
ent availability. However, plant leaf respiratory CO2 efflux cannot be predicted or modeled 
simply from accessible parameters such as N elemental content, CO2 mole fraction or pho-
tosynthesis rate. It is likely that this enduring difficulty stems from the tricarboxylic acid 
pathway (TCAP) being at the crossroad of multiple metabolisms and thus influenced by 
simultaneous and potentially opposite forces. In this chapter, metabolic interactions between 
the TCAP and other pathways are illustrated with recent findings, so as to establish a list of 
key actors that should be considered in future investigations.
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I.  Introduction

In the present volume dedicated to respira-
tory metabolism in plants, several aspects 
have been covered, from enzymatic control 
(Chap. 13) and metabolic fluxes (Chap. 12) 
to impacts of respiratory CO2 release at the 

forest (Chap. 5) and global scale (Chap. 4). 
Despite considerable advances made in the 
past decade, key questions are still unan-
swered and some of them are mentioned in 
corresponding chapters. The most enduring 
difficulty of plant respiratory physiology is 
probably the lack of general rules that  permit 

mailto:guillaume.tcherkez@anu.edu.au


286

to predict numerically the rate of CO2 pro-
duction using easily accessible, ecophysio-
logical parameters like the CO2 mole 
fraction or the rate of net photosynthesis 
(Atkin et al. 2010; this issue is further dis-
cussed in Chap. 6). This is particularly true 
in photosynthetic organs such as leaves. In 
that case, this problem likely originates 
from the metabolic network complexity 
whereby assimilatory metabolisms (C, N 
and S) and biosyntheses have to be recon-
ciled with catabolism (glycolysis and respi-

ration). In fact, from a metabolic perspective, 
the crossroad of all of these metabolic routes 
is the TCAP and reactions that produce its 
major substrate, pyruvate (Fig. 14.1). 
Metabolic fluxes through the TCAP are 
essential in determining the respiratory 
efflux, from the leaf to the ecosystem (Atkin 
et al. 2014). Thus, the open question of 
modeling respiration could be reformulated 
from a metabolic perspective, as to whether 
we can identify major determinants of TCAP 
orchestration.

Photosynthesis Triose phosphates Suc, starch
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Acetyl-CoA

TCA pathway
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Cit Aco
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SuccFum

Mal

OAA

N

Asp

S

Photorespiration

NADH

Photorespiratory recovery
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Fig. 14.1. Simplified scheme depicting major interactions between the TCAP and other metabolic path
ways in plant leaves. Interactions are indicated with numbers: 0, carbon input by photosynthesis; 1, regulation of 
glycolysis via nutritional signals; 2, pyruvate metabolism (encompasses anoxic metabolism, diurnal regulation of 
enzymes such as the malic enzyme, ME, PEP re-synthesis by the pyruvate Pi dikinase, PPDK, and oxaloacetate 
synthesis by the PEP carboxylase, PEPC); 3, catabolism of metabolites and turn-over (such as protein turn-over), 
and remobilization of accumulated organic acids; 4, nitrogen assimilation via the GS/GOGAT cycle as well as 
the GABA shunt (4′); 5, redox metabolism and competition between respiration and photorespiration for NADH 
reoxidation, including succinate oxidation to fumarate involving complex II (5′); 6, sulfur assimilation; 7, 
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The control of TCAP orchestration has 
been studied extensively using mutants 
(reviewed in Tcherkez et al. 2012a) and the 
way metabolites vary in them has been used 
to infer possible flux control coefficients of 
the TCAP steps (Araujo et al. 2012). 
Alternatively, isotopic labeling has been used 
to trace the fate of carbon atoms incorporated 
by the TCAP (for recent examples, see e.g. 
Bathellier et al. 2009 in roots and Szecowka 
et al. 2013 in Arabidopsis rosettes). The use 
of isotopic labeling in heterotrophic tissues is 
detailed in Chap. 12. In photosynthetic organs, 
investigating the TCAP has proved more 
difficult for two main reasons. First, there is 
no “natural” way other than CO2 to provide 
the isotopic label (for a specific dis cussion, 
see the introduction in Römisch- Margl et al. 
2007). For example, the widely used substrate 
glucose is not very well adapted to leaves 
because it is mostly directed to sucrose 
synthesis, not to catabolism (Tcherkez et al. 
2005). Second, reaching an isotopic steady- 
state is virtually impossible because mature 
leaves accumulate products that turn-over 
very slowly and thus the maxi mal possible 
enrichment is not 100% (Huege et al. 2007). 
As a result, non-stationary iso tope labeling 
(rather than steady-state labe ling) is preferable 
(Jazmin and Young 2013). Up to now, this has 
made experiments challenging and expensive. 
However, the development of more sensitive 
and high- throughput techniques has facilitated 
advances in isotope tracing in the past years, 
including for positional 13C-enrichment 
analysis by NMR using 1H-13C correlation 
(Massou et al. 2007) or hyperpolarization 
(Schroeder et al. 2009).

As a conclusion of the present volume, 
this Chapter will consist in a very brief sur-
vey of potential determinants of TCAP 

orchestration, as revealed by data obtained 
either in folio, with in vivo metabolic quanti-
tation (by NMR), isotopes or metabolomics. 
It is now nearly 80 years that Krebs and 
Johnson discovered the set of biochemical 
reactions that metabolize acetyl-CoA into 
citrate and other carboxylic acids, known as 
the Krebs cycle (Krebs and Johnson 
1937a,b,c; Krebs et al. 1938). We now know 
that, in plants, this cycle: (i) can be modu-
lated by carbon provision, as suggested by 
the metabolomics phenotype of mutants 
affected in sugar metabolism (e.g. 
Lytovchenko et al. 2002; Farre et al. 2008) 
and in vivo NMR (Rébeillé et al. 1985), (ii) 
can be broken under specific circumstances 
(illuminated leaves; Tcherkez et al. 2009), 
and (iii) yields metabolic intermediates 
which are important for nitrogen assimila-
tion (Lancien et al. 1999; Hodges 2002; 
Fernie et al. 2004; Foyer et al. 2011). The 
general (enzymatic) aspects of respiration in 
plants have been reviewed elsewhere 
(Plaxton and Podestá 2006). But three very 
general (and rather old) questions are still 
incompletely answered: Is TCAP activity 
strictly dependent on the carbon input? Are 
nutrients other than nitrogen influencing 
TCAP activity? Are other pathways (such as 
photorespiration) of significant importance 
for TCAP regulation?

II.  Is the TCAP Determined 
by the Carbon Input?

There is substantial evidence that photosyn-
thesis influences respiration. This interaction 
manifests itself through the inhibition of res-
piration in the light compared to the dark in 
leaves (Chap. 1). In terms of metabolic con-

Fig. 14.1. (continued) biosyntheses (amino acids, C5-branched organic acids and organic acid accumulation 
such as citrate, malate or fumarate, depending on species and conditions). For clarity, multiple requirements for 
ATP (by many pathways such as sucrose synthesis) are not shown here. Abbreviations: 2OG, 2-oxoglutarate; 
Aco, aconitate; Cit, citrate; ETCm, mitochondrial electron transport chain; Fum, fumarate; Mal, malate; OAA, 
oxaloacetate; PEP, phosphoenolpyruvate; Suc, sucrose; Succ, succinate
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trol, the production of triose phosphates by 
the chloroplast and the depletion in inorganic 
phosphate (Pi) in the cytoplasm inhibit the 
consumption of hexose phosphates by 
 glycolysis in the light (Stitt 1990). The com-
mitment of triose phosphates to catabolism 
(glycolytic input) has further been proposed 
to be a determinant of TCAP activity in the 
light (Tcherkez et al. 2008). However, there 
is no documented relationship between the 
amount in soluble carbohydrates (or hexose 
phosphates) and the rate of respiration in the 
light. By contrast, there is a relationship 
between the cumulated time spent in the 
light and/or total photosynthetic fixation 
prior to the dark period, and the rate of CO2 
evolution just after having turned off the 
light (light-enhanced dark respiration, 
LEDR). But surprisingly, the major substrate 
associated with LEDR has been shown to be 
malate rather than photosynthates (Gessler 
et al. 2009). This suggests that the LEDR 
does not reflect a relationship between respi-
ration and the photosynthetic carbon input 
per se but rather, between the inhibition of 
TCAP activity in the light (causing some 
organic acids like malate to accumulate) and 
its subsequent activity in darkness.

At fixed temperature, the rate of CO2 evo-
lution in darkness is partly linked to carbo-
hydrates content, suggesting an effect of the 
carbon source (Azcón-Bieto and Osmond 
1983). However, this relationship only 
explains one part of the rate of respiration, 
and depends on other environmental 
conditions (time spent in darkness, nutrients, 
developmental stage, etc.). In heterotrophic 
organs, there are less data available. It has 
been nevertheless shown that root respiration 
is not very sensitive to carbohydrate supply 
and is mostly independent of photosynthetic 
input (see e.g. Bathellier et al. 2009). In 
cambial cell suspensions, the effect of 
carbohydrate starvation has been examined 
and again, TCAP activity and ATP generation 
do not appear to be very sensitive to the 
content in glucose or sucrose, since the onset 
of autophagy eventually sustains catabolism 

(Journet et al. 1986; Aubert et al. 1996). As 
such, respiration of heterotrophic organs is 
driven by the demand in ATP rather than 
substrate availability (see also Chap. 2).

In summary, there are arguments for and 
arguments against a critical role played by 
the carbon input (control by supply), simply 
reflecting the fact that the TCAP does not 
strictly depends on carbohydrates and can 
rely on alternative substrates, including 
remobilized stored organic acids or recycled 
amino acids.

III. Is the TCAP Determined 
by Nutrients Other Than Nitrogen?

There is a considerable literature on links 
between nitrogen nutrition and respiration 
in plants, from both a quantitative (quantity 
of supplied N) and qualitative (nitrate ver
sus ammonium) point of view (for a recent 
review, see Foyer et al. 2011). However, 
there is some uncertainty as to whether N 
assimilation strictly correlates to TCAP 
activity for two main reasons. First, N 
metabolism does not seem to be very sensi-
tive to carbon skeleton (2-oxoglutarate) 
 provision (by isocitrate dehydrogenases, 
discussed extensively in Chap. 1). Second, 
in plant species where N is essentially 
assimilated in leaves, N is incorporated in 
the light, that is, when TCAP activity is 
inhibited (Tcherkez and Hodges 2008). It 
appears that N assimilation occurring in 
illuminated leaves depends on TCAP activ-
ity in the dark: N incorporation in the light 
involves remobilization of organic acids 
synthesized in the dark (Gauthier et al. 
2010). Thus, nitrogen assimilation can be 
view as a determinant of TCAP activity, but 
its effect certainly depends on photoperiod, 
night temperature, and the nature of the 
nitrogenous molecule absorbed as well as 
preexisting organic acid pools. At the eco-
physiological scale, the relationship between 
respiratory CO2 efflux and elemental N con-
tent probably reflect both the catabolic 
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requirements to assimilate nitrogen and the 
larger protein content (meaning a higher 
enzymatic capacity; this is further discussed 
in Chap. 6).

Macroelements other than nitrogen and of 
potential metabolic importance are phospho-
rus (P), potassium (K), and sulfur (S) (as 
well as Mg2+, discussed in Chap. 2). A broad 
survey of leaf metabolome and elemental 
stoichiometry over different seasons and 
environmental conditions in Erica multiflora 
has suggested a relationship between NPK 
composition and a number of metabolite 
contents, including malate and citrate (Rivas- 
Ubach et al. 2012). Although respiration is 
known to be affected by a number of envi-
ronmental factors including mineral content 
(Lambers 1985), TCAP (re)orchestration has 
never been assessed explicitly. In general, 
nutrient deficiency tends to alter catabolism 
and changes CO2 efflux and thus presum-
ably, TCAP activity. Considering the need to 
convert sulfate to a reduced form of sulfur 
and incorporate S atoms onto carbon skele-
tons, the dependence of TCAP activity on 
sulfur assimilation is probable (Chap. 1). 
Upon induced S deficiency in Arabidopsis, 
metabolomics analyses have shown that sev-
eral TCAP intermediates increase except for 
malate, suggesting the recycling of oxaloac-
etate not used for aspartate (and thus methio-
nine) metabolism by citrate metabolism 
(Nikiforova et al. 2005).

Phosphorus deficiency regulates sugar 
phosphates and catabolism particularly at the 
phosphoenolpyruvate (PEP) branching point 
(for review, see Plaxton and Carswell 1999), 
and P absorption is known to be facilitated 
by increased organic acid (TCAP intermedi-
ates) production in roots (Zhang et al. 1997; 
López-Bucio et al. 2000). Metabolomics 
analyses in bean have further suggested that 
phosphorus deficiency causes a reorganiza-
tion of the TCAP with an accumulation of 
succinate at the expense of malate (Hernández 
et al. 2007). In leaves, P deficiency also 
changes photosynthesis and thus carbohy-
drate production and causes a decrease in 

dark respiration (Terry and Ulrich 1973a), 
meaning that P has both direct (altered phos-
phorylation) and indirect (altered substrate 
supply) effects on TCAP activity. 
Transcriptomics analyses in Arabidopsis 
leaves has further shown changes in several 
genes encoding enzymes of carbon primary 
metabolism, such as the glycolytic enzymes 
pyruvate kinase and glyceraldehyde-3-phos-
phate dehydrogenase (Müller et al. 2007).

Potassium (K) is strictly required for many 
biological activities including enzyme activi-
ties (such as pyruvate kinase, Evans 1963) 
and sugar export from leaves (Cakmak et al. 
1994). K deficiency has effects on both pho-
tosynthesis (decreased) and leaf respiration 
(increased) (Terry and Ulrich 1973b) and 
thus, may impact TCAP activity in leaves 
both directly (changed enzymatic activities in 
catabolism) and indirectly (increased sub-
strate supply). Metabolomics analyses in 
K-deficient Arabidopsis have suggested that 
TCAP intermediates decrease in roots (mostly 
due to a lower input caused by the inhibition 
of pyruvate kinase) but show little changes in 
leaves (Armengaud et al. 2009). More 
recently, concurrent respiration measure-
ments and metabolomics analyzes in sun-
flower leaves at varying K availability have 
suggested that K deficiency increases CO2 
efflux in the dark and alters N assimilation, 
with a much higher 2-oxoglutarate to 
glutamate ratio (Fig. 14.2a, b). Cross-
correlation analyses further show that while 
hexose phosphates are mostly disconnected 
from TCAP intermediates regardless of K 
conditions, ancillary metabolites such as 
citramalate correlates to TCAP metabolites 
under K deficiency only (Fig. 14.2c, d). Since 
citramalate can be synthesized from either 
pyruvate (via citramalyl-CoA) or aconitate 
(via itaconate), this suggests that the balance 
between pyruvate and TCAP utilization for 
biosyntheses is modulated by K availability.

Although unsurprising, the crossed influ-
ence of different nutrients (in the present 
example used, crossed effects between N 
and K) on TCAP activity teaches us two 
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things: First, NPK fertilization is an impor-
tant factor potentially causing variations in 
organic acid prevalence and discrepancies in 
experiments dealing with the control of res-
piration; Second, the choice of species used 
in such experiments is also critical because 
of their differential NPK needs for optimal 
growth.

IV. Is the TCAP Influenced by Other 
Pathways?

In terms of metabolic requirements, respira-
tion is commonly decomposed into growth 
and maintenance respiration, related to 
energy and skeletons required to produce 
new organic matter (growth) and to ensure 
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Fig. 14.2. Correlative analysis of metabolites involved in the TCAP or potentially related to its control 
(such as hexose phosphates), under varying K availability in sunflower leaves. (a), relative content in 2-oxo-
glutarate (OG) and glutamate as measured by GC-MS metabolomics. (b), leaf respiration in darkness at 25 °C 
(μmol CO2 m−2 s−1), C and D, correlograms under normal K availability (c) and under K deficiency (d). Same 
legend as in Fig. 3. Red arrows indicate the position of citramalate. The cluster formed by TCA intermediates is 
emphasized by a dashed red frame. D+R means K-deficient conditions for 15 days and then K-resupplementation. 
Data are from (Cui et al. 2017)
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turn-over and operation of physiological 
processes (maintenance) (Amthor 2000). It 
is becoming clear that although useful at the 
plant scale, this view is too simplistic at the 
cellular, microscopic scale because TCAP 
activity can be divorced from immediate 
imperatives for maintenance and growth, 
simply due to metabolic regulations and 
interactions (Fig. 14.1). This is typically the 
case when considering TCAP activity in illu-
minated leaves, which is inhibited by other 
concurrent processes (see above). Apart 
from photosynthesis (carbon supply) and 
nutrient assimilation, at least four, very 
apparent metabolic processes can pull TCAP 
activity in potentially opposite directions 
(Table 14.1): photorespiration, redox metab-
olism, biosyntheses and variations in meta-
bolic pools (temporary accumulation of 
intermediates).

There are several lines of evidence that 
photorespiration can reshape nitrogen 
metabolism and thereby change require-
ments in 2-oxoglutarate (Tcherkez et al. 
2008, 2012b; Abadie et al. 2016a, b; and see 
Chap. 1). When different CO2/O2 gaseous 
environments are used across different spe-
cies, there is a broad agreement between 
TCAP intermediates in a correlative analy-
sis (Fig. 14.3a, b) but no connection to hex-
ose phosphates, showing that carboxylation 
and/or oxygenation are responsible for 
changes in pools of TCAP intermediates 
independently of photosynthate production. 
Also, the capacity to dissipate reductive 
power seems to be an important determinant 
of TCAP activity. In practice, excess 
reductive power generated in the chloroplast 
could be exchanged with mitochondria via a 
malate/oxaloacetate shuttle and dissipated 
by the mitochondrial electron transport 
chain (mETC) (Raghavendra and Padmasree 
2003). Photorespiration further generates 
NADH in the mitochondria during glycine- 
to-serine conversion. Therefore, illuminated 
photosynthetic organs probably experience 
a strong pressure on NADH re-oxidation by 
the mETC and this can back-inhibit TCAP 

activity (Igamberdiev and Gardeström 
2003) and be alleviated partly by the 
involvement of mitochondrial malate dehy-
drogenase and alternative NADH dehydro-
genases (Bykova et al. 2014). That said, the 
relevance of this reductive pressure in vivo 
is uncertain, because mutants in complex I 
of the mETC (which are expected to have 
lower NADH reoxidation capacity) have an 
inverse respiratory phenotype, i.e. an 
increased respiration rate (Gutierres et al. 
1997; Priault et al. 2006; Kühn et al. 2015). 
But recently, the ‘increased respiration’ phe-
notype has not been found in the totally 
complex I-deficient mutant ndufs8 of 
Arabidopsis, although a higher content in 
amino acids –and in total ATP– was observed 
(Pétriacq et al. 2016). Also, the correlative 
analysis of metabolites shows two features 
in ndufs8 mutants (Fig. 14.3c, d): (i) the 
close association with glucose-6-phosphate, 
suggesting an increased glycolytic control 
of TCAP activity; and (ii) the position of 
fumarate and 2-oxoglutarate outside the 
cluster of TCAP intermediates, suggesting a 
redistribution of these TCAP intermediates 
into metabolically distinct pools. The ratio-
nale of these modifications is not clear, but 
this shows the flexibility of the TCAP activ-
ity, depending on metabolic imperatives 
(such as reductive power) and control points 
(homeostatic ATP concentration or energy 
charge). It should be noted that the latter can 
be species-specific, because accumulated 
products are biologically diverse, including 
amongst TCAP intermediates. For example, 
Asteraceae accumulate fumarate, which 
then hardly correlates to other TCAP inter-
mediates (compare Fig. 14.3a, b). In other 
C3 families, leaf accumulated organic acids 
are malate (e.g. rapeseed), citrate (e.g. bean) 
or other derivatives. The significance of 
these organic acid stores remains enigmatic 
because their position within the TCAP and 
thus the metabolic yield (for reductive 
power, CO2 production, or 2-oxoglutarate 
generation) of their remobilization differs 
markedly between them.
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Table 14.1. Potential abiotic factors influencing TCAP flux orchestration in plant leaves, with reference to 
Chapters in the present volume

Factor Impactful? Comments Chapter where it is 
discussed

Developmental 
stage

Yes Both at senescent and developing stages, 
enhancement of the TCAP potentially linked to PEPC 
activity and N remobilization in old leaves, and to 
organic matter synthesis (demand) in young leaves. 
In cotyledons, remobilization of lipids reshapes the 
TCAP

Chaps. 6, 8, and 12

CO2 mole fraction Yes The activity of the TCAP decreases as CO2 mole 
fraction increases, maybe due to the drop in 
photorespiration. On a long-term basis, changes in 
pool sizes and respiratory efflux

Chaps. 1, 4, and 12

O2 mole fraction Yes At low O2 (e.g. at 2% O2), anoxic (hypoxic) responses 
are observed, with changes in N metabolism, 
fermentative pathways or partial TCAP operation

Chap. 10 and 
present Chapter 
(Fig. 14.4)

Nitrogen nutrition Yes Higher N content stimulates PEPC and TCAP 
activity, and NH4

+ versus NO3
− supply changes CO2 

efflux in the light

Chap. 6

Sulfur nutrition Yes Presumably, an increased Asp requirement at high S 
content should increase TCAP activity. However, this 
has never been examined. Under S deficiency, there is 
redistribution between TCAP intermediates

Chap. 1

Potassium 
nutrition

Yes K deficiency alters N metabolism inhibits glycolysis 
(pyruvate kinase activity) and decreases the 
abundance in TCAP intermediates

Present chapter

Phosphorus 
nutrition

Yes Aside changes in sugar phosphates, P deficiency leads 
to a change in PEPC and malate metabolism

Present chapter

Magnesium 
nutrition

Yes In cultured cells, Mg2+ deficiency or Mg2+ distribution 
between cellular compartments alters ATP-ADP 
homeostasis and respiratory metabolism

Chap. 2

Drought ? Despite considerable variability, it seems that CO2 
efflux decreases under drought. There are also 
typical changes in amino acid contents, suggesting 
a re-orchestration of the TCAP. However, no direct 
assessment of TCAP orchestration is currently 
available

Chap. 4

Temperature ? There is a clear instantaneous increase in CO2 efflux 
with temperature and also acclimation processes. 
Data on TCAP flux orchestration at different 
temperatures are nevertheless missing

Chaps. 4 and 6

Light versus dark Yes There is substantial evidence that in the light, the 
TCAP changes to a non-cyclic pathway and that 
several enzymatic activities are inhibited

Chaps. 1, 7, and 11

V.  Possible Future Directions

Taken as a whole, the effective flux-organiza-
tion of the TCAP in vivo is still incompletely 
known. Data providing information on the 
fate of carbon atoms in the TCAP, and possi-
ble biomarkers of TCAP orchestration are 
still too scarce. When isotopic labeling is 

used, this remains challenging because the 
flux into the TCAP is small and thus the sig-
nal is weak. Furthermore, the remobilization 
of slowly turned-over substrates (such as pro-
teins or organic acids) causes an isotopic 
dilution. However, LC-MS and NMR tech-
niques are now improving and can be sensi-
tive enough to allow a good resolution of 
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Fig. 14.3. Correlative analysis of metabolites involved in the TCA pathway or potentially related to 
its control (such as hexose phosphates) using published GC-MS metabolomics data (Abadie et al. 2016a, b; 
Pétriacq et al. 2016). The correlation coefficient is indicated by colors (scale on right). Insignificant correlations 
(P>0.05) are indicated with a black cross. Correlograms were obtained with data from Arabidopsis rosettes under 
varying gaseous and light conditions (a), sunflower leaves under varying gaseous conditions in the light (b), and 
Arabidopsis wild-type (c) and complex I mutant ndufs8 (d) in the light or in the dark under two photoperiodic 
regimes (long days, LD, and short days, SD). Remarkable features discussed in the text are shown with a red 
arrow. The cluster formed by TCA intermediates is emphasized by a dashed red frame. Abbreviations: Aco 
aconitate, Cit citrate, Citm citramalate, F6P fructose-6-phosphate, Fum fumarate, G6P glucose-6-phosphate, 
GABA γ-aminobutyrate, Glu glutamate, HG hydroxyglutarate, Lact lactate, Mal malate, Male maleate, MeMal 
methylmalate, OG 2-oxoglutarate, Pyr pyruvate, Succ succinate
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isotopic patterns, even in metabolites at low 
concentration and low isotopic enrichment. 
One may also take advantage of the isotopic 
dilution to monitor the utilization of substrates 
feeding the TCAP. Recently, the isotopic 
(13C) signal in C-atom positions in aspartate, 
glutamate and alanine have been used to 
follow the activity of the TCAP (Fig. 14.4). 
After 13CO2 labeling of illuminated sunflower 
leaves, the 13C-13C interactions (appearance 
of multiplets in the NMR spectrum, 
Fig. 14.4a) was used to infer the intramolecular 
13C–composition in labeled molecules. This 

has allowed resolving the population of 
molecules into non-labeled (at 1.1% 13C, 
natural abundance) and labeled molecules 
(with a larger % 13C in C-atom positions). In 
the case of glutamate, the positional 13C–
enrichment is only 7–15%, showing the 
isotopic dilution and the rather small flux 
towards neosynthesis of TCAP intermediates 
from photosynthates (Abadie et al. 2017). 
But when they are labeled, glutamate 
molecules show an interesting 13C-13C cou-
pling pattern whereby the C-1, C-2 and C-3 
positions on the one hand and C-4 and C-5 
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spectrum of the 10–60 ppm region showing visible metabolites. (b), typical intramolecular isotope pattern in 
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positions on the other hand form clusters 
(Fig. 14.4b). Within the TCAP, the first three 
C-atom positions in glutamate originate from 
oxaloacetate whilst the two others come from 
acetyl-CoA (Fig. 14.1). This simply shows 
that neosynthesized oxaloacetate from PEP 
carboxylase (PEPC) activity was used while 
pyruvate consumption was just statistical, 
reflecting the enrichment in the pyruvate 
pool. This example illustrates the fact that in 
the light, TCAP activity relies on ancillary 
pathways (in that case, anaplerotic supple-
mentation by the PEPC) and that its interme-
diates are distributed between active and 
inactive pools in a compound-specific man-
ner. In the dark, the natural 13C-abundance in 
CO2 evolved by intact leaf respiration has 
been shown to be relatively high (13C-enrich-
ment compared to potential substrates) but 
may vary, reflecting changes in pyruvate and 
organic acid metabolism (Chap. 3).

TCAP orchestration clearly appears to be 
multidimensional (summary in Table 14.1), 
being the result of changes in pools and met-
abolic coordination in addition to growth 
and maintenance requirements. Therefore, it 
is not surprising that there is no simple way 
to predict the rate of CO2 efflux, since all of 
these factors depend on the developmental 
stage and environmental conditions, includ-
ing nutrient growth conditions. In fact, close 
examination of the expression of genes 
encoding TCAP enzymes has shown that co-
regulation depends on experimental condi-
tions, developmental stage and stress (see 
Figure 5 in Cavalcanti et al. 2014). Similarly, 
searching for biomarkers of TCAP orches-
tration using metabolomics looks promising 
but will not provide a simple answer since 
single metabolic signals are unlikely to 
encapsulate the dynamic nature of respira-
tory metabolism. Also, changes in respira-
tory metabolism have generally limited 
visible effects on plant cell (metabolic) 
phenotype. For example, respiratory mutants 
usually show modest alterations in growth 
unless mETC activity is deeply perturbed 
(e.g. Brangeon et al. 2000; Haïli et al. 2013; 

Dahan et al. 2014) and male sterility is also 
not systematic (e.g. Pétriacq et al. 2016). 
Such flexibility in TCAP orchestration is 
fantastic, but complicates the overall picture 
of metabolic control. Future works are thus 
warranted to characterize the effect of mul-
tiple parameters on TCAP flux orchestration 
using wide-spectrum technologies.
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