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Editorial

Advances in Photosynthesis and Respiration
Volume 18: Plant Respiration: From Cell to Ecosystem

I am delighted to announce the publication, in the
Advances and Photosynthesis and Respiration
(AIPH) Series, of a second book related to plant res-
piration (Plant Respiration: From Cell to Ecosystem),
edited by Hans Lambers, and Miquel Ribas-Carbo.
The first plant respiration book, Plant Mitochondria:
From Genome to Function, was edited by David
Day, Harvey Millar and James Whelan. Two earlier
volumes, both edited by Davide Zannoni, deal with
Respiration in Bacteria and Archaea. 1 list below all
the AIPH volumes published during a decade:

Published Volumes (1994-2004):

e Molecular Biology of Cyanobacteria (Donald
A. Bryant, editor, 1994);

o Anoxygenic Photosynthetic Bacteria (Robert
E. Blankenship, Michael T. Madigan and Carl
E. Bauer, editors, 1995);

e Biophysical Techniques in Photosynthesis (Jan
Amesz and Arnold J. Hoff, editors, 1996);

e Oxygenic Photosynthesis: The Light Reactions
(Donald R. Ort and Charles F. Yocum, editors,
1996);

e Photosynthesis and the Environment (Neil R.
Baker, editor, 1996);

e Lipids in Photosynthesis: Structure, Function
and Genetics (Paul-André Siegenthaler and
Norio Murata, editors, 1998);

e The Molecular Biology of Chloroplasts and
Mitochondria in Chlamydomonas (Jean David
Rochaix, Michel Goldschmidt-Clermont and
Sabeeha Merchant, editors, 1998);

e The Photochemistry of Carotenoids (Harry A.
Frank, Andrew J. Young, George Britton and
Richard J. Cogdell, editors, 1999);

e Photosynthesis: Physiology and Metabolism
(Richard C. Leegood, Thomas D. Sharkey and
Susanne von Caemmerer, editors, 2000);

e Photosynthesis: Photobiochemistry and Pho-
tobiophysics (Bacon Ke, author, 2001);

e Regulation of Photosynthesis (Eva-Mari Aro

and Bertil Andersson, editors, 2001);

e Photosynthetic Nitrogen Assimilation and As-
sociated Carbon and Respiratory Metabolism
(Christine Foyer and Graham Noctor, editors,
2002);

e Light Harvesting Antennas (Beverley Green
and William Parson, editors, 2003);

e Photosynthesis in Algae (Anthony Larkum, Su-
san Douglas and John Raven, editors, 2003);

e Respiration in Archaea and Bacteria: Diversity
of Prokaryotic Electron Transport Carriers
(Davide Zannoni, editor, 2004);

e Respiration in Archaea and Bacteria: Diversity
of Prokaryotic Respiratory Systems (Davide
Zannoni, editor, 2004);

o Plant Mitochondria: From Genome to Func-
tion (David A. Day, A. Harvey Millar and James
Whelan, editors, 2004); and

e Chlorophyll a Fluorescence: A Signature of
Photosynthesis (George C. Papageorgiou and
Govindjee, editors, 2004) .

The readers are requested to go to < http://www.
springeronline.com > and search for the Book Series
Advances in Photosynthesis and Respiration for
further information and to order these books. Please
note that the members of the International Society
of Photosynthesis Research, ISPR (< http://photo-
synthesisresearch.org >) and authors receive special
discounts.

Plant Respiration: From Cell to Ecosystem

The book is edited by two outstanding authorities
on ‘Plant Respiration’: Hans Lambers (the Univer-
sity of Western Australia) and Miquel Ribas-Carbo
(Universitat de Illes Balearic, Spain). It was initiated
several years ago when I was visiting Joe Berry (at
the Carnegie Institute of Washington, Stanford, CA),
and Miquel was collaborating with Joe. The topic of



the book, as provided by our distinguished editors, is:
‘As in all living organisms, respiration is essential to
provide metabolic energy and carbon skeletons for
growth and maintenance of plants. As such, respira-
tion is an essential component of a plant’s carbon
budget. Depending on species and environmental
conditions, it consumes 25—75% of all the carbohy-
drates produced in photosynthesis — even more at
extremely slow growth rates. Respiration in plants
can also proceed in a manner that produces neither
metabolic energy nor carbon skeletons, but heat. This
type of respiration involves the cyanide-resistant,
alternative oxidase; it is unique to plants, and resides
in the mitochondria. The activity of this alternative
pathway can be measured based on a difference in
fractionation of oxygen isotopes between the cyto-
chrome and the alternative oxidase. Heat production
is important in some flowers to attract pollinators;
however, the alternative oxidase also plays a major
role in leaves and roots of most plants. A common
thread throughout this volume is to link respira-
tion, including alternative oxidase activity, to plant
functioning in different environments.” This book is
for the use of advanced undergraduates, graduates,
postgraduates, and beginning researchers in the areas
of plant and agricultural sciences, plant physiology,
plant ecology, bioenergetics, cellular biology and
integrative biology.

Plant Respiration: From Cells to Ecosystems has
13 authoritative Chapters, and is authored by 31
international authorities from 8 countries. The book
begins with an introductory chapter on ‘Regulation of
Respiration in Vivo’ by H. Lambers, S.A. Robinson
and M. Ribas-Carbo (Australia and Spain). Chapter 2,
by L.D. Hansen, R.S. Criddle and B.N. Smith , from
USA, deals with ‘Calorespiratometry in Plant Biol-
ogy.” M. Ribas-Carbo , S.A. Robinson and L. Giles
(Spain, Australia and USA) provide, in Chapter 3, a
summary of ‘The Application of the Oxygen Tech-
nique to Assess Respiratory Pathway Partitioning.’ In
Chapter 4, V. Hurry, A.U. Igamberdiev, O. Keerberg,
T.Parnik, O.K. Atkin, J. Zargoza-Castells and P.
Gardestrom, from four countries (Sweden, Canada,
Estonia and UK), present a discussion on ‘Respira-
tion in Photosynthetic Cells’; the chapter includes
discussion on gas exchange, components, interac-
tions with photorespiration and the operation of the
mitochondria in light. K. Noguchi (of Japan) sum-
marizes, in Chapter 5, ‘Effects of Light Intensity and
Carbohydrate Status on Leaf and Root Respiration.’
In Chapter 6, J. Flexas, J. Galmés, M. Ribas-Carbo
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and H. Medrano (of Spain) discuss ‘The Effects of
Water Stress on Plant Respiration.” O. K. Atkin (of
UK) and D. Bruhn (of Australia), in Chapter 7, discuss
‘Responses of Plants to Changes in Temperature’;
they include mechanisms and consequences of varia-
tions in Q,, values and the acclimation processes.
Chapter 8 is by T. D.Colmer and H. Greenway (both
of Australia); it focuses on ‘O,Transport, Respiration
and Anaerobic Carbohydrate Catabolism in Roots in
Flooded Soils.” R. Minocha and S.C. Minocha (both
of USA) summarize, in Chapter 9, ‘Effects of Soil pH
and Aluminum on Plant Respiration.’ In Chapter 10,
T.J. Bouma (of the Netherlands) provides for the read-
ers ‘Understanding of Plant Respiration: Separation
of Respiratory Components versus a Process-based
Approach.” F. R. Minchin and J. E. Witty (of UK),
discuss, in Chapter 11, ‘Respiratory and Carbon Costs
of Symbiotic N, Fixation in Legumes.” Chapter 12,
by D. R. Bryla and D. M. Eissenstat (both of USA),
deals with ‘Respiratory Costs of Mycorrhizal As-
sociations.” Finally, M. A. Gonzalez and L. Taneva
(of USA) discuss, in Chapter 13, ‘Integated Effects
of Atmospheric CO, Concentration on Plant and
Ecosystem Respiration.’

A Bit of Early History

‘It is a noble employment to rescue from oblivion
those who deserve to be remembered’ (Pliny the
Younger, Letters V).

A 1927 Paper by Robert Emerson on
Chlorella Respiration

Robert Emerson, who did his PhD work in the
laboratory of Otto Warburg, and was later my advisor
during 1956-1959, had published in 1927 the follow-
ing historical paper: Emerson R (1927) The effect of
certain respiratory inhibitors on the respiration of
Chlorella. Journal of General Physiology, volume x,
pp. 469—477). Here, Emerson compared the effects
of respiratory inhibitors, including HCN and H,S,
on the green alga Chlorella. What Emerson showed
in this 1927 paper is that 10* M HCN (and H,S)
stimulated, not inhibited, respiration in Chlorella.
However, under1% glucose (heterotrophic condition),
respiration was four times faster but inhibited by 50%
by either H,S or HCN. All these effects were fully



reversible, and predated the later measurements on
cyanide-insensitive respiration.

Early Plant Respiration Books

I mention here the books by F. F. Blackman; W.
Stiles and W. Leach; and W. O. James. Although we
may not remember the old, the new is built upon
the old directly or indirectly, knowingly or unknow-
ingly. On the personal side, my own training in Plant
Respiration, during 1952—1956 at the University of
Allahabad, was under Shri Ranjan, who had been a
student of Felix Frost Blackman. Blackman studied
both respiration and photosynthesis. G. E. Briggs (of
Cambridge, UK) has published a nice book on the
work of Blackman after his death (Late F. F. Black-
man (1954) Analytic Studies in Plant Respiration.
Cambridge, at the University Press.) A great deal of
the experimental work in Blackman’s laboratory was
done by one of his students from India, P. Parija. Most
ofthis work was done in the late 1920s at Cambridge.
Regarding the importance of respiration, I quote
Blackman and Parija (1928) ‘Of all protoplasmic
functions, the one which is, by tradition, most closely
linkedwith our conception of vitality is the function for
which the name of respiration has been accepted.’ In
1932, the year [ was born, Walter Stiles and William
Leach wrote their little (124 pages) book, Respira-
tion in Plants (London, Methuen). The theories of
two Nobel-laureates Otto H. Warburg and Heinrich
0. Wieland on the oxidation-reduction and the enzy-
matic nature of respiration, both under aerobic and
anaerobic conditions, were discussed in this book. It
was the only book I had read during my student days.
In 1953, one year after I obtained my B.Sc. degree, a
new book was published (W. O. James (1952) Plant
Respiration. Oxford, at the Clarendon Press). It is
this book that I studied after I had obtained my M.Sc.
degree. Again, on the personal side, I was thrilled to
note that James discussed (see pp. 99 and 100) un-
published work of my Professor (Ranjan); this work
was done while Ranjan was in Blackman’s lab. It was
a 282 page thorough and modern book. James also
related respiration, although very briefly, to photo-
synthesis and commented  Possible interactions with
respiration have been the bugbear of photosynthetic
measurements since their beginning.’ He did mention
the related work of Bessel Kok, Robert Emerson,
Jack Myers James Franck, Hans Gaffron, Melvin
Calvin and Andy Benson, among others. A 19-page

vil

bibliography was very helpful to me in obtaining the
necessary information.

The advancement made during the last 50 years
is really remarkable and exciting. To understand the
historical evolution of research in ‘plant respira-
tion,” I encourge the readers to consult the following
three books: (1) Harry Beevers (1961) Respiratory
Metabolism in Plants (Row, Peterson and Company,
Evanston, Illinois); (2) Helgi Opik (1980) The Res-
piration of Higher Plants (London, E. Arnold); and
(3) Roland Douce and David A. Day (Eds) (1985)
Higher Plant Cell Respiration. Encyclopedia of Plant
Physiology, New Series, Volume 18, Springer-Verlag,
Berlin.

The Scope of the Series

Advances in Photosynthesis and Respiration is abook
series that provides, at regular intervals, a comprehen-
sive and state-of-the-art account of research in various
areas of photosynthesis and respiration. Photosynthe-
sis is the process by which higher plants, algae, and
certain species of bacteria transform and store solar
energy in the form of energy-rich organic molecules.
These compounds are in turn used as the energy
source for all growth and reproduction in these and
almost all other organisms. As such, virtually all life
on the planet ultimately depends on photosynthetic
energy conversion. Respiration, which occurs in mito-
chondria and in bacterial membranes, utilizes energy
present in organic molecules to fuel a wide range of
metabolic reactions critical for cell growth and devel-
opment. In addition, many photosynthetic organisms
engage in energetically wasteful photorespiration
that begins in the chloroplast with an oxygenation
reaction catalyzed by the same enzyme responsible
for capturing carbon dioxide in photosynthesis. This
series of books spans topics from physics to agronomy
and medicine, from femtosecond (107!% s) processes
to season-long production, from the photophysics
of reaction centers, through the electrochemistry of
intermediate electron transfer, to the physiology of
whole organisms, and from X-ray crystallography of
proteins to the morphology of organelles and intact
organisms. The intent of the series is to offer begin-
ning researchers, advanced undergraduate students,
graduate students, and even research specialists, a
comprehensive, up-to-date picture of the remark-
able advances across the full scope of research on
bioenergetics and carbon metabolism.



Future Books

The readers of the current series are encouraged to
watch for the publication of the forthcoming books
(not necessarily arranged in the order of future ap-
pearance):

o Discoveries in Photosynthesis Research (Edi-
tors: Govindjee, J. Thomas Beatty, Howard Gest,
and John Allen);

e Photosystem II: The Water/Plastoquinone
Oxido-reductase in Photosynthesis (Editors:
Thomas J. Wydrzynski and Kimiyuki Satoh);

e Chlorophylls and Bacteriochlorophylls: Bio-
chemistry, Biophysics and Biological Function
(Editors: Bernhard Grimm, Robert J. Porra,
Wolthart Riidiger and Hugo Scheer);

o Photosystem I: The NADP+/Ferredoxin Oxido-
reductase in Oxygenic Photosynthesis (Editor:
John Golbeck);

e Photoprotection, Photoinhibition, Gene Regu-
lation and Environment (Editors: Barbara Dem-
mig-Adams, William W. Adams III and Autar
Mattoo);

o The Structure and Function of Plastids (Edi-
tors: Kenneth Hoober and Robert Wise); and

e Photosynthesis: A Comprehensive Treatise;
Biochemistry, Biophysics Physiology and Mo-
lecular Biology. Part 1(Editors: Julian Eaton-
Rye and Baishnab Tripathy); and

e Photosynthesis: A Comprehensive Treatise;
Biochemistry, Biophysics Physiology and
Molecular Biology. Part 2 (Editors: Baishnab
Tripathy and Julian Eaton-Rye)

In addition to these contracted books, we are
already in touch with prospective Editors for the
following books:

e Biophysical Techniques in Photosynthesis.

part 2;

Molecular Biology of Cyanobacteria. part 2;
Protonation and ATP Synthases,

Genomics and Proteomics;

Protein Complexes of Respiration and Photo-
synthesis, and

e The Cytochromes

Otherbooks, under discussion, are: Molecular Biol-
ogy of Stress in Plants; Artificial Photosynthesis; and
Global Aspects of Photosynthesis and Respiration.
Readers are requested to send their suggestions for
these and future volumes (topics, names of future
editors, and of future authors) to me by E-mail
(gov@uiuc.edu) or fax (1-217-244-7246).

In view of the interdisciplinary character of re-
search in photosynthesis and respiration, it is my
earnest hope that this series of books will be used in
educating students and researchers not only in Plant
Sciences, Molecular and Cell Biology, Integrative
Biology, Biotechnology, Agricultural Sciences, Mi-
crobiology, Biochemistry, and Biophysics, but also
in Bioengineering, Chemistry, and Physics.

I take this opportunity to thank Hans Lambers and
Miquel Ribas-Carbo for their excellent editorial work.
[ thank all the 31 authors of volume 18: without their
authoritative chapters, there will be no book. I owe
Jacco Flipsen and Noeline Gibson (both of Springer)
special thanks for their friendly working relation with
us that led to the production of this book. Thanks
are also due to Jeff Haas (Director of Information
Technology, Life Sciences, University of [llinois) and
Evan DeLucia ( Head, Department of Plant Biology,
University of Illinois) for their support.

My special and particular thanks go to Larry Orr
for his friendly and excellent work in typesetting and
in producing this book, including its Index.

I wish all the readers a very fruitful New Year
(2005).

January 5, 2005

Govindjee

Series Editor, Advances in Photosynthesis
and Respiration

University of Illinois at Urbana-Champaign
Department of Plant Biology

Urbana, IL 61801-3707, USA

E-mail: gov@uiuc.edu;

URL http://www.life.uiuc.edu/govindjee
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Series Editor Govindjee

Govindjee is Professor Emeritus of Biochemistry,
Biophysics and Plant Biology at the University of
[llinois at Urbana-Champaign (UIUC), Illinois, USA,
since 1999. He obtained his B.Sc. (Chemistry and
Biology) and M.Sc. (Botany, specializing in Plant
Physiology) in 1952 and 1954, respectively, from the
University of Allahabad, Allahabad, India. His advisor
in India was Shri Ranjan, who was a former student
of F. F. Blackman. Govindjee served as a Lecturer in
Botany at the University of Allahabad from 1954—
1956. From 1956-1959, he was a Fulbright Scholar
and a graduate Fellow in Physico-Chemical Biology
at the UIUC. During 1959-1960, he was a Research
Assistant in Botany. He was a doctoral student, first of
Robert Emerson (1956—February 4, 1959), and then
of Eugene Rabinowitch (1959-1960). He received his
Ph.D. in Biophysics from the UIUC in 1960, with a
thesis on the Action Spectra of the Emerson Enhance-
ment Effect in Algae. From 1960—-1961, he served as
a United States Public Health (USPH) Postdoctoral
Fellow; from 1961-1965, as Assistant Professor of
Botany; from 1965-1969 as Associate Professor of
Biophysics and Botany; and from 1969-1999 as
Professor of Biophysics and Plant Biology, all at the
UIUC. Julian Eaton-Rye, Prasanna Mohanty, George
Papageorgiou, Alan Stemler, Thomas Wydrzynski, Jin
Xiong, Chunhe Xu and Barbara Zilinskas are among
his more than 20 past PhD students. The late Jean-Ma-
rie Briantais, Christa Critchley, Adam Gilmore, Jack
van Rensen and Wim Vermaas are among his more
than 10 past Research Associates. His honors include:
Fellow of the American Association of Advancement
of Science (1976); Distinguished Lecturer of the
School of Life Sciences, UIUC (1978); President of
the American Society of Photobiology (1980-1981);
Fulbright Senior Lecturer (1996-1997); and honorary
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President of the 2004 International Photosynthesis
Congress (Montreal, Canada). Govindjee’s research
has focused on the function of ‘Photosystem II’
(water-plastoquinone oxido-reductase), particularly
on the primary photochemistry; role of bicarbonate
in the electron and proton transport; thermolumines-
cence, delayed and prompt fluorescence (particularly
lifetimes), and their use in understanding electron
transport and photoprotection against excess light. He
has coauthored Photosynthesis (1969; John Wiley &
Sons); and has edited (or co-edited) Bioenergetics of
Photosynthesis (1975; Academic Press); Photosyn-
thesis (in two volumes, 1982; Academic Press); Light
Emission by Plants and Bacteria (1986; Academic
Press); and Chlorophyll a Fluorescence: A Signature
of Photosynthesis (2004; Springer), among several
other books. He is a member of the American Society
of Plant Biology, American Society for Photobiology,
Biophysical Society of America, International Soci-
ety of Photosynthesis Research (ISPR) and Sigma
Xi. Govindjee’s scientific interests, now, include
Fluorescence Lifetime Imaging Microscopy (FLIM),
and the regulation of excitation energy transfer in
oscillating light. However, his real focus now is on
the ‘History of Photosynthesis Research,” and in
‘Photosynthesis Education.” His personal background
appears in Volume 13 (edited by B. Green and W.
Parson); and contributions to photosynthesis and
fluorescence in algae in Volume 14 (A. Larkum, J.
Raven and S. Douglas, editors) of the Advances in
Photosynthesis and Respiration (AIPH). He serves
as the Series Editor of AIPH, and as the ‘Historical
Corner’ Editor of Photosynthesis Research. For fur-
ther information, see his web page at: http://www.
life.uiuc.edu/govindjee. He can always be reached
by e-mail (gov@life.uiuc.edu).
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Respiration: From Cell to Ecosystem is the 18th
volume in the series Advances in Photosynthesis and
Respiration (Series Editor, Govindjee). It is one of
four volumes dealing with respiration. The first two
(volumes 15 and 16) were on Respiration in Bacteria
and Archaea (edited by Davide Zannoni), and this
volume complements another volume (17), edited by
David A. Day, James Whelan and A. Harvey Millar,
dealing with molecular and biochemical aspects of
plant respiration.

Louis Pasteur (1822—1895) was probably the first
scientist to study the link between respiration and
growth (in yeast). His pioneering work was published
in 1861 (Expériences et vues nouvelles sur la nature
des fermentations. Comptes Rendus 52: 1260-1271).
For a long time since, the significance of respiration
for growth was far from clear. In his PhD thesis,
entitled ‘Energiemessungen bei Aspergillus niger
mit Hilfe eines Mikro-Kompensations Calorimeter’
(University of Groningen, the Netherlands), L. Al-
gera (1932) concluded that 93-94% of all the energy
generated during respiration was lost as heat. In fact,
he considered that the 6—7% that was not lost as heat
was insignificant, and probably due to experimental
error. Therefore, he concluded that respiration was
a wasteful process. Using data from a modern bio-
chemical handbook, it can be calculated that at the
very most only 8% of the chemical energy in glucose
is transferred to the chemical energy in mycelium. If
non-phosphorylating pathways, uncoupling proteins
and respiratory paths required for transport are taken
into account, that value of 8% is expected to be con-
siderably less. Yet, W. Stiles and W. Leach (1932) in
their book Respiration in Plants (Methuen & Co., Ltd.,
London, reprinted in 1936) stated that ‘the supreme
importance of respiration, being as it is one of the
most universal and fundamental processes of living
protoplasm, is recognized by all physiologists. In spite
of'this, students of botany frequently give respiration
little more than a passing consideration.’

H.R. Barnell (1937) made the observation that
of every three hexose molecules used by barley
embryos two were used as carbon skeletons, and
one in respiration (Analytical studies in plant respi-
ration. VII—Aerobic respiration in barley embryos
and its relation to growth and carbohydrate supply.
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Proceedings of Royal Society B. 123: 321-342).
He suggested that respiration was probably needed
to drive the growth process, but it wasn’t until the
details of energy-requiring metabolic and transport
processes became known that the proof for his sug-
gestion was delivered. Indeed, in his book entitled
Plant Respiration (Clarendon Press, Oxford) W.O.
James (1953) stated that there was no absolute proof
yet that respiration was essential for life as we know
it. To conclude that respiration is an absolute require-
ment since life without respiration has never been
observed would be similar to the conclusions that
“pillar boxes could not perform their postal functions
upon ceasing to be red’.

By the time Harry Beevers (1924-2004) published
his comprehensive book, entitled Respiratory Me-
tabolism in Plants (1961; Harper & Row, New York),
the significance of respiration for plant growth and
functioning had been soundly established. Many
questions remained, for example, about the role of
cyanide-resistant respiration, the efficiency of the
respiratory process, and the quantitative links between
respiration and growth. When the Encyclopedia of
Plant Physiology, Volume 18, Higher Plant Cell
Respiration (Series Editor, R. Douce and D.A. Day)
appeared in 1985, enormous progress had been made,
and a molecular approach to respiration research had
been added to the more classical physiological, bio-
chemical and biophysical way of doing experiments.
In the almost 20 years since the publication of that
book, vast progress has been made, in part made pos-
sible because of technological advances. The present
volume presents the state of the art of plant respira-
tion research, from cell to ecosystem. Since Barnell’s
research on barely embryos, our understanding about
the quantitative significance of plant respiration has
increased enormously. Plants use a large fraction of
their daily produced photoassimilates for respiratory
processes (0.25-0.70). As described in several chap-
ters in this volume, this fraction strongly depends on
environmental conditions, both abiotic and biotic. We
have come a long way since Harry Beevers’ book,
when cyanide-resistant respiration was known, but its
biochemical basis and physiological significance was
entirely unknown. As in animal mitochondria, respi-
ration proceeds via a cyanide-sensitive cytochrome



pathway; however, plants also have a cyanide-resis-
tant, alternative respiratory path, which may be re-
sponsible for a major part of their respiration. In-vivo
techniques, based on oxygen-isotope fractionation,
have been developed to assess the contribution of
both the cytochrome and the alternative pathways.
As reviewed in several chapters, the fraction of daily
produced photoassimilates, that is used in respiration
and the contribution of the alternative path, varies
strongly as dependent on environmental conditions.
The principal aim of both volumes 17 and 18 is to
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provide final-year undergraduate students, postgradu-
ate and other researchers with an up-to date overview
of plant respiration. Many people have contributed
to the completion of this book, including Larry Orr
(of Arizona State University), Govindjee, the Series
Editor and several helpful professionals at Springer.
However, we wish to single out two persons to thank
profoundly for their support: Marion Cambridge and
Pepi Martin Pina, without whose continuous support
this book would not have been completed.
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I. Introduction

A large fraction (0.25—0.70) of all the carbohydrates
that a higher plant assimilates each day are expended
in respiration in the same period (Van der Werfet al.,
1992; Lambers et al., 1998a). This fraction increases
with decreasing maximum relative growth rate (RGR)
ofaspecies (Poorteretal., 1991), because the specific
costs of nitrogen acquisition are higher for plants with
an inherently slow RGR, when plants are compared at
near-optimum nutrient supply (Lambers etal., 1998a;
Scheurwater et al., 1998; 1999). This fraction also
strongly increases at a limiting supply of nutrients
(N and P) for two reasons. Firstly, at a low supply
of N or P, plants invest relatively more in roots, and
less in photosynthetic organs (Lambers et al., 1998b).
Secondly, the respiratory costs, presumably the cost
that are associated with nutrient acquisition which
account for 40—70% ofroot respiration at high nutrient
supply (Poorteretal., 1991), increase substantially at
low nutrient supply (Van der Werf et al., 1992). Up
to 25% of all carbohydrates may also be required to
support microsymbionts (Lambers et al., 1998b), in
those higher plants that live symbiotically with dini-
trogen-fixing microorganisms (Chapter 11, Minchin
and Witty) or mycorrhizal fungi (Chapter 12, Bryla
and Eisenstat).

Dark respiration produces energy (ATP), reducing
equivalents (NAD(P)H) and carbon skeletons to sustain
plant growth; however, in plants, a significant part of
respiration may proceed via a nonphosphorylating
pathway that is cyanide-resistant and generates less
ATP than the cytochrome pathway, which occurs in
both plants and animals. We have no satisfactory answer
to date to the question why plants have a respiratory
pathway that is not linked to ATP production, but
several hypotheses are explored in this chapter and
in following ones (Chapter 12, Bryla and Eisenstat;
Chapter 6, Flexas et al.). If we seek to understand
and model the carbon balance of a plant, and aim to
understand plant performance and growth in different
environments, then it is imperative first to try to obtain
aclearunderstanding of respiration, including alterna-
tive path activity (Chapter 10, Bouma).

Abbreviations: AOX — alternative oxidase; CAM — crassulacean
acid metabolism; DTT —dithiothreitol; KCN —potassium cyanide;
NMR —nuclear magnetic resonance; PEP—phosphoenol pyruvate;
Q—ubiquinone; Qr—reduced ubiquinone; RGR —relative growth
rate; ROS — reactive oxygen species; RQ — respiratory quotient;
SA —salicylic acid; SHAM — salicylhydroxamic acid; TCA — tri-
carboxylic acid cycle; TMV — tobacco mosaic virus

The types and rates of plant respiration are controlled
by a combination of energy demand, substrate avail-
ability and oxygen supply. In the absence of oxygen
(anoxia) or at low levels of oxygen (hypoxia), respira-
tion cannot proceed by normal aerobic pathways, and
fermentation starts to take place, with ethanol and
lactate as major end-products (Chapter 8, Colmer and
Greenway). The ATP yield of fermentation is consider-
ably less than that of acrobic respiration. Temperature
(Chapter 7, Atkin etal.), water stress (Chapter 6, Flexas
et al.) and rhizosphere conditions such as pH and the
presence of toxic levels of aluminum (Chapter 9, Mi-
nocha and Minocha) also affect respiration, depending
on the time of exposure and species. In this chapter, we
briefly discuss the control over respiratory processes,
so as to provide the background for understanding later
chapters dealing with species comparisons and effects
of environmental conditions.

Il. General Characteristics of the Respira-
tory System

A.The Respiratory Quotient

The respiratory pathways in plant tissues include
glycolysis, which is located both in the cytosol and in
the plastids, the oxidative pentose phosphate pathway,
which is located in the plastids, the tricarboxylic acid
(TCA) or Krebs cycle, in the matrix of mitochondria,
and the electron-transport pathways, which are in the
inner mitochondrial membrane.

The respiratory quotient (RQ, the ratio between
the number of moles of CO, released and that of O,
consumed) is an index of the types of substrates used
in respiration, and the subsequent use of respiratory
energy to support biosynthesis. In the absence of
biosynthetic processes, the RQ in nonphotosynthetic
tissues is expected to be 1.0, if sucrose is the only
substrate for respiration and is fully oxidized to CO,
and H,0. For seeds of Triticum aestivum (wheat), in
which carbohydrates are major storage compounds, RQ
is close to unity, whereas for the fat-storing seeds of
Linum usitatissimum (flax) RQ values as low as 0.4 are
found (Stiles and Leach, 1936; Lambers et al., 1998b).
The RQ can be greater than 1.0, if organic acids are an
important substrate, because organic acids are more
oxidized than sucrose, and, therefore, produce more
CO, perunit O,. Biosynthetic processes can also affect
RQ. For example, if nitrate reduction proceeds in the
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roots, then the RQ is expected to be greater than one,
because an additional two molecules of CO, are pro-
duced per molecule of nitrate reduced to ammonium;
in contrast, a net production of organic acids will lower
the RQ (Lambers et al., 1998Db).

B. Glycolysis, the Pentose Phosphate Path-
way, and the Tricarboxylic Acid (TCA) Cycle

The first step in the production of energy for respiration
occurs when glucose (or other storage carbohydrates)
is metabolized in glycolysis or in the oxidative pentose
phosphate pathway. Glycolysis involves the conversion
of glucose, via phosphoenolpyruvate (PEP), into malate
and pyruvate. In contrast to mammalian cells, where
virtually all PEP is converted into pyruvate, in plant
cells malate is the major end-product of glycolysis, and
thus the major substrate for the mitochondria (Day and
Hanson, 1977). Malate is formed from oxaloacetate,
which is produced by PEP-carboxylase from PEP and
HCO,. Key enzymes in glycolysis are controlled by
adenylates (AMP, ADP and ATP), in such a way as to
speed up the rate of glycolysis when the demand for
metabolic energy (ATP) increases.

Oxidation of one glucose molecule in glycolysis
produces two malate molecules, without a net produc-
tion of ATP. When pyruvate is the end-product, there
is a net production of two ATP molecules in glycoly-
sis. Despite the production of NADH in one step in
glycolysis, there is no net production of NADH when
malate is the end-product, due to the need for NADH
in the reduction of oxaloacetate, catalysed by malate
dehydrogenase.

Unlike glycolysis, which is predominantly involved
inthe breakdown of sugars and ultimately in the produc-
tion of ATP, the oxidative pentose phosphate pathway
plays amore importantrole in producing intermediates
(e.g., amino acids, nucleotides) and NADPH. There
is no evidence for a control of this pathway by the
demand for energy.

The malate and pyruvate that are formed in glycolysis
in the cytosol are exported to the mitochondria, where
they are oxidized in the TCA cycle. Complete oxida-
tion of one molecule of malate, yields five molecules
of NADH and one molecule of FADH,, as well as one
molecule of ATP, NADH and FADH, subsequently
donate their electrons to the electron-transport chain
(Sec. II.C.1).

C. Mitochondrial Metabolism

The malate formed in glycolysis in the cytosol is
imported into the mitochondria, and oxidized partly
viamalic enzyme, which produces pyruvate and CO,,
and partly via malate dehydrogenase, which produces
oxaloacetate. Pyruvate is then oxidized in the TCA
cycle, so that malate is regenerated. Whenever carbon
skeletons, e.g., citrate or a-ketoglutarate, are drained
from the TCA cycle, to be used in biosynthesis, the
concerted action of PEP carboxylase and malate
dehydrogenase replenishes the drained carbon, and
sustains TCA-cycle activity.

Oxidation of malate and other NAD-linked sub-
strates of the TCA cycle is associated with complex I
(Sec. II.C.1). In mitochondria there are four major
complexes associated with electron transfer, and one
associated with oxidative phosphorylation, all located
in the inner mitochondrial membrane. In addition,
there are two small redox molecules, ubiquinone (Q)
and cytochrome ¢, which play an important role in
electron transfer. Finally, in plant mitochondria there
is the cyanide-resistant alternative oxidase, also located
in the inner membrane.

1.The Complexes of the Electron-Transport
Chain

The role of the mitochondrial electron transport chain
is to produce ATP. This ATP production is driven by
the proton gradient across the inner mitochondrial
membrane linked to the flow of electrons from reduc-
ing equivalents to O, (Fig. 1). The system responsible
for ATP production is the ATPase (see Sec. II.E).
Complex I is the main entry point of electrons from
NADH produced in the TCA cycle or in photores-
piration (glycine oxidation). Complex I is the first
coupling site, or site 1, of proton extrusion, and this
is linked to ATP production. Succinate is the only
intermediate of the TCA cycle that is oxidized by a
membrane-bound enzyme: succinate dehydrogenase.
Electrons enter the respiratory chain via complex 11,
and are transferred to ubiquinone. NAD(P)H that is
produced outside the mitochondria, also feeds its
electrons into the chain at the level of ubiquinone.
As with complex II, the external dehydrogenases are
not connected with the translocation of H* across the
inner mitochondrial membrane. Hence less ATP is
produced per molecule of oxygen when succinate or
NAD(P)H are oxidized in comparison with that of
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Fig. 1. The organization of the electron-transporting complexes of the respiratory chain in higher plant mitochondria. All components are
located in the inner mitochondrial membrane. Some of the components are membrane-spanning, others face the mitochondrial matrix
or the space between the inner and the outer. mitochondrial membrane. Ubiquinone is a mobile pool of quinone and quinol molecules;

cyt = cytochrome oxidase; fum = fumrate; succ = succinate.

malate, citrate, or oxoglutarate. Complex III transfers
electrons from ubiquinone to cytochrome ¢, coupled
to the extrusion of four protons per electron pair to
the intermembrane space and is therefore site 2 of
proton extrusion. Complex IV is the terminal oxidase
ofthe cytochrome pathway, accepting electrons from
cytochrome ¢, and donating these to O,. It also gener-
ates a proton-motive force which makes complex IV
the third coupling site (Lambers et al., 1998b).

2.The Cyanide-Resistant Terminal Oxidase

Mitochondrial respiration of most plant tissues is not
fully inhibited by inhibitors of the cytochrome path
(e.g., KCN, antimycin). This is due to the presence
of a cyanide-resistant, alternative electron-transport
pathway, consisting of one enzyme, the alternative
oxidase, firmly embedded in the inner mitochondrial
membrane. Both the C terminus and the N terminus
of the alternative oxidase face the matrix. The C
terminus contains a binuclear iron centre; the N ter-
minus contains, in most species, a conserved cysteine
residue (Siedow and Umbach, 1995,2000; Andersson
and Nordlund, 1999; Berthold et al., 2000). The AOX
protein is not membrane spanning, as was thought
originally. The cysteine residue is involved in the
dimerization of two alternative oxidase subunits, and

in the binding of pyruvate and other keto-acids. The
two ends are connected via an inter-membrane helix
region, where the potential ubiquinone-binding site
is located (Andersson and Nordlund, 1999).

The alternative oxidase is encoded by nuclear DNA,
and involves a multigene family whose individual
products can be separated on a protein gel (e.g.,
Whelan et al., 1996; Finnegan et al., 1997; Ito et al.,
1997). The sequenced genes in the different species
contain highly conserved regions (Vanlerberghe
and MclIntosh, 1997). There have been few studies
aimed at unravelling the gene expression, biochemi-
cal properties or relative activities of the individual
members of the AOX gene family (McCabe et al.,
1998; Chapter 3, Ribas-Carbo et al.).

The branching point of the alternative path from
the cytochrome path is at the level of ubiquinone, a
component common to both pathways. Transfer of
electrons from ubiquinone to oxygen via the alterna-
tive path is not coupled to the extrusion of protons
from the matrix to the intermembrane space, and the
energy is lost as heat. Hence, the transfer of electrons
from NADH, produced inside the mitochondria, to
0, via the alternative path yields only one third of the
amount of ATP that is produced when the cytochrome
path is used (Millenaar and Lambers, 2003).
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3. Substrates, Inhibitors, and Uncouplers

Oxidation of glycine is of quantitative importance
only in tissues exhibiting photorespiration (Chapter
4, Hurry etal.). Glycolysis may start with glucose, as
discussed above, or with starch, sucrose, or any major
transport carbohydrate or sugar alcohol imported via
the phloem (Lambers et al., 1998b).

A range of respiratory inhibitors have helped to
elucidate the organization of the respiratory pathways.
To give just one example, cyanide effectively blocks
complex IV and has been used to demonstrate the
presence of the alternative path. Uncouplers make
membranes, including the inner mitochondrial
membrane, permeable to protons, and hence prevent
oxidative phosphorylation. Concentrations of CO,,
in a range that is expected to occur within the next
century, may inhibit leaf respiration, due to inhibition
of, for example, cytochrome oxidase and succinate
dehydrogenase (Chapter 13, Gonzalez-Meler and Ta-
neva). Do the high CO, concentrations that normally
occur in soil also inhibit root respiration? There is
a remarkable lack of information in the literature to
answer this obvious question in a satisfactory manner
(Chapter 8, Colmer and Greenway).

4. Respiratory Control of the Electron Trans-
port Chain

To learn more about the manner in which plant respi-
ration responds to the demand for metabolic energy
in vivo, we refer to some classical experiments with
isolated mitochondria (Lambers etal., 1998b). Freshly
isolated intact mitochondria in an appropriate buffer,
a condition referred to as ‘state 1°, do not consume
an appreciable amount of oxygen; in vivo they rely
on a continuous import of respiratory substrate from
the cytosol. Upon addition of a respiratory substrate
(‘state 2’) there is still not much oxygen uptake;
for rapid rates of respiration to occur, addition (in
vitro) or import (in vivo) of additional metabolites is
required. As soon as ADP is present, a rapid consump-
tion of oxygen can be measured. This ‘state’ of the
mitochondria is called ‘state 3°. In vivo, rapid supply
of ADP will occur when a large amount of ATP is
required to drive biosynthetic and transport processes.
Upon conversion of all ADP into ATP (“state 4°), the
respiration rate of the mitochondria declines again
to the rate found before addition of ADP. Upon ad-
dition of more ADP, the mitochondria go into state

3 again, followed by state 4 upon depletion of ADP.
This can be repeated until all oxygen in the cuvette is
consumed. Thus, the respiratory activity of isolated
mitochondria is effectively controlled by the avail-
ability of ADP: respiratory control is quantified in
the ‘respiratory control ratio’ (the ratio of the rate at
substrate saturation in the presence of ADP to that
under the same conditions, but after ADP has been
depleted). The same respiratory control occurs in
intact tissues, and is one of the mechanisms ensur-
ing that the rate of respiration is enhanced when the
demand for ATP increases.

D. The Major Points of Control of Plant Respi-
ration

We briefly discussed the control of glycolysis by
‘energy demand’ (Sec. I1.B), and a similar control by
‘energy demand’ of mitochondrial electron transport,
termed respiratory control (Sec. I1.C.4). The effects
of energy demand on dark respiration are a function
of the metabolic energy that is required for growth,
maintenance, and transport processes. When tissues
grow fast, take up ions rapidly and/or have a fast
turnover of proteins, they, therefore, generally have
a fast rate of respiration. At low levels of respiratory
substrate (carbohydrates, organic acids), however, the
activity of respiratory pathways may be substrate-
limited. When substrate levels increase, the respira-
tory capacity is enhanced and adjusted to the high
substrate input, through the transcription of specific
genes that encode respiratory enzymes (Chapter 5,
Noguchi). Plant respiration is clearly quite flexible
and responds rapidly to the demand for respira-
tory energy as well as to the supply of respiratory
substrate. The production of ATP which is coupled
to the oxidation of substrate may also vary widely,
due to the presence of both nonphosphorylating and
phosphorylating paths.

E.ATP Production in Isolated Mitochondria
and in Vivo

The rate of oxygen consumption during the phos-
phorylation of ADP can be related to the total amount
of ADP that must be added to consume this oxygen.
This allows calculation of the ADP:O ratio in vitro.
This ratio is around 3 for NAD-linked substrate and
around 1.5 for succinate and external NAD(P)H
(Lambersetal., 1998b). Nuclear Magnetic Resonance
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(NMR) spectroscopy has been used to estimate ATP
production and oxygen consumption in intact tissues
(Roberts et al., 1984).

1. Oxidative Phosphorylation: The Chemios-
motic Model

During the transfer of electrons from various sub-
strates to oxygen via the cytochrome path, protons
are extruded into the space between the inner and
outer mitochondrial membranes. This generates a
proton-motive force across the inner mitochondrial
membrane that drives the synthesis of ATP. The basic
features of this chemiosmotic model are:

(1) protons are transported outwards, coupled to
the transfer of electrons, thus giving rise to
both a proton gradient (ApH) and a membrane
potential (AW)

(2) the inner membrane is impermeable to protons
and other ions, except by special transport
systems;

(3) there is an ATP synthetase (also called
ATPase), which transforms the energy of the
electrochemical gradient, generated by the
proton-extruding system, into ATP

The pH gradient, ApH, and the membrane potential
AW, are interconvertible. It is the combination of
the two which forms the proton-motive force (Ap),
the driving force for ATP synthesis, catalysed by an
ATPase:

Ap = AW — 2.3 RT/F.ApH (1)

where R is the gas constant (J mol! K1), T is the
absolute temperature (K), and F is Faraday’s number
(Coulomb). Both components in the equation are
expressed in mV. Approximately one ATP is produced
per three protons transported.

2. ATP Production in Vivo

As mentioned above, ATP production in vivo can be
measured using Nuclear Magnetic Resonance (NMR)
spectroscopy (Roberts et al., 1984). This technique
relies on the fact that certain nuclei, including *'P,
possess a permanent magnetic moment, owing to

their nuclear spin. Such nuclei can be made “visible’
in a strong external magnetic field, in which they ori-
ent their nuclear spins in the same direction. NMR
spectroscopy can be used to monitor the absorption
of radiofrequency by the oriented spin population in
the strong magnetic field. The location of the peaks in
a NMR spectrum depends on the molecule in which
the nucleus is present, and also on the ‘environment’
of the molecule (e.g., pH) (Roberts, 1984).

The resonance of specific P-containing compounds
can be altered by irradiation with radiofrequency
power. Ifthis irradiation is sufficiently strong (‘satu-
rating’), then it disorientates the nuclear spins of that
P-containing compound, so that its peak disappears
from the spectrum. Upon hydrolysis of ATP, the
v-ATP phosphate atom becomes part of the cyto-
plasmic P, pool. For a brief period, therefore, some
of the P, molecules also contain disoriented nuclear
spins; specific radiation of the y-ATP peak decreases
the P, peak. This phenomenon is called ‘saturation
transfer’, which has been used to estimate the rate
of ATP hydrolysis to ADP and P, in vivo (Roberts
etal., 1984).

If the rate of disappearance of the saturation effect
in the absence of biochemical exchange of phosphate
between y-ATP and P, is known, then the rate of ATP
hydrolysis can be derived from the rate of loss of
saturation. This has been performed for root tips for
which the oxygen uptake was measured in parallel
experiments. In this manner ADP:O ratios in Zea
mays root tips exposed to a range of conditions have
been determined (Roberts et al., 1984). The ADP:
O ratios for Z. mays root tips supplied with 50 mM
glucose are remarkably close to those expected when
glycolysis plus TCA cycle are responsible for the
complete oxidation of exogenous glucose, provided
the alternative path does not contribute to the oxygen
uptake. This is surprising, since root respiration pro-
ceeds to a large extent via the alternative path (Millar
et al., 1998; Millenaar et al., 1998, 2000). Perhaps
the alternative path is less active in root tips than in
the rest of the root system, but this would need to be
further investigated using the isotope-fractionation
technique (Chapter 3, Ribas-Carbo et al.). So far,
maize root tips are the only intact plant material
used for the determination of ADP:O ratios in vivo.
We cannot assume, therefore, that the ADP:O ratio
in vivo is invariably 3. In fact, the ratio under most
circumstances is probably far less than 3, due to
alternative path activity (Sec. IL.LE2).
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F. Regulation of Electron Transport via the
Cytochrome and the Alternative Paths

The existence of two respiratory pathways, both
transporting electrons to oxygen, in higher plant
mitochondria, raises the question if and how the
partitioning of electrons between the two paths is
regulated. This is important because the cytochrome
pathis coupled to proton extrusion and the production
of ATP, whereas transport of electrons via the alter-
native path is not, at least not from the point where
both pathways branch to oxygen (Vanlerberghe and
Mclntosh, 1997).

1. Competition or Overflow?

Initially, it was widely believed that the alternative
path did not compete for electrons with the cyto-
chrome path, and that it served as an overflow when
the cytochrome path was (virtually) saturated with
electrons (Bahr and Bonner, 1973). Much later, it
was found that the activity of the cytochrome path
increases linearly with the fraction of ubiquinone
(the common substrate with the alternative path)
that is in its reduced state (Q,/Q,) (Dry et al., 1989).
By contrast, the alternative path showed no appre-
ciable activity until a substantial (30—40%) fraction
of the ubiquinone was in its reduced state, and then
the activity increased exponentially. By that stage
a sound biochemical explanation seemed available
for the ‘energy overflow” model; however, as more
experimental results became available, the ‘energy
overflow” model was rejected.

2.The Intricate Regulation of the Alternative
Oxidase

The alternative pathway changes its level of activity,
so that it competes with the cytochrome pathway
for electrons. When embedded in the inner mito-
chondrial membrane, the alternative oxidase exists
as a dimer, with the two subunits linked by disulfide
bridges. These disulfide bridges may be oxidized
or reduced. If they are reduced, then the alternative
oxidase is in its higher-activity state, as opposed to
the lower-activity state when the disulfide bridges are
oxidized. In vitro the change from the oxidized to the
reduced state can be brought about by isocitrate and
other organic acids. Note that this is not an effect of
the organic acids being used as a respiratory substrate

(Vanlerberghe and McIntosh, 1997). Moreover, citrate
accumulation enhances expression of the gene(s)
that encode(s) the alternative oxidase (Vanlerberghe
and Mclntosh, 1996). K. Noguchi and co-workers
(personal communication), grew plants of the shade
species Alocasia macrorrhiza under low-light condi-
tions, and the shade leaves exhibited slow respiration
rates. They then transferred these plants to stressful
high-light conditions which was associated with a
change in the alternative oxidase from the low-activity
oxidized state to the high-activity state. This shows
that changes in redox state can play a role in vivo.
Is this the rule, or rather an exception?

Electron partitioning has been studied in mitochon-
dria isolated from both green and etiolated cotyledons
as well as from roots of soybean (Glycine max), using
isocitrate and DTT (dithiothreitol) to modify the redox
state of the disulfide bond, and pyruvate as activator of
the alternative pathway. These showed the importance
of activation by both a-keto acids and the redox sta-
tus of the regulatory sulthydryl-disulfide system in
regulating the flux through the alternative pathway
(Ribas-Carboetal., 1997). In mitochondria from green
cotyledons, the alternative oxidase is poised to compete
with the cytochrome pathway, and either enhanced
reduction of the disulfide bonds or increased activa-
tion by a—keto acids shift electrons to the alternative
pathway. In mitochondria from etiolated cotyledons,
the level of alternative oxidase protein was too low
to allow effective competition with the cytochrome
pathway, even under fully activated conditions. In
contrast, root mitochondria contained high levels of
alternative oxidase protein, but it was predominantly
in the oxidized form. It was conclude that the AOX
protein must be both reduced (by the addition of DTT)
and activated (by the addition of pyruvate) to compete
with the cytochrome pathway in these mitochondria
(Ribas-Carbo et al., 1997).

Inroots of seedlings of Glycine max the activity of
the alternative pathway was very low, and part of the
enzyme was oxidized (Millar et al., 1998). Within a
few days, the growth rate and the cytochrome oxidase
activity declined about four-fold. That is, when the
contribution of the alternative path to root respira-
tion was 35 to 55%. At that stage, AOX was in its
fully reduced state, suggesting that the change from
partly oxidized to fully reduced was responsible for a
small part of the increased alternative oxidase activ-
ity (Millar et al., 1998). In intact roots of Poa annua
and several other grasses, however, the alternative
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oxidase was invariably in its reduced, higher-activity
state (Millenaar et al., 1998, 2000). At present, there
is no clear evidence that changes in redox state of
the alternative oxidase generally play an important
regulatory role in vivo (Hoefnagel and Wiskich,
1998). However, this may reflect the way plant sci-
entists, in general, carry out their experiments. That
is, we tend to grow our experimental plants under
favorable control conditions, which might require
fast alternative respiration rates and full activation
of the alternative oxidase.

The alternative oxidase’s capacity to oxidize its
substrate (Q,) also increases in the presence of pyru-
vate and other a-keto acids (Millar et al., 1996). The
effect of pyruvate is mainly on V,, rather than on
the K, for ubiquinol (Hoefnagel et al., 1997). As a
result, in the presence of the potent activator pyruvate
the alternative path shows significant activity, even
when less than 30% of ubiquinone is in its reduced
state. Note, again, that this is not because pyruvate
is used as a respiratory substrate. In other words,
the alternative pathway becomes active even when
the cytochrome pathway is not fully saturated. In
intact tissues pyruvate levels appear to be sufficiently
high to fully activate the alternative oxidase. This
suggests that changes in the level of keto-acids may
not play a major regulatory role in vivo (Hoefnagel
and Wiskich, 1998; Millenaar et al., 1998), but see
Gaston et al. (2003).

Whenever the alternative oxidase is in its high-
er-activity state and active at low levels of Q,, there
is most probably competition for electrons between
the two pathways, both in vitro (Hoefnagel et al.,
1995; Ribas-Carbo et al., 1995) and in vivo (Atkin
et al., 1995). Competition for electrons between the
two pathways appears to be the rule, rather than an
exceptional situation, as it was once believed.

3. Can We Really Measure the Activity of the
Alternative Path?

The application of specific inhibitors of the alternative
path shows that the alternative path does contribute
to the respiration of roots and leaves of at least some
species. The decline in respiration, however, upon
addition of an inhibitor of the alternative path (e.g.,
SHAM) frequently underestimates the actual activ-
ity of the alternative path. Since the two pathways
compete for electrons, the inhibition by SHAM is
less than the activity of the alternative path. Thus,
any observed inhibition of respiration following the

addition of an alternative pathway inhibitor indicates
that some alternative pathway activity was present
prior to inhibition, but provides no quantitative esti-
mate of its activity (Day et al., 1996).

Stable isotopes can be used to estimate alterna-
tive path activity without the complications caused
by the use of inhibitors. The alternative oxidase and
cytochrome oxidase discriminate to a different extent
against the heavy isotope of oxygen ("*O) when re-
ducing O, to produce water (Guy et al., 1989, 1992;
Robinsonetal., 1992, 1995; Ribas-Carbo etal., 1995,
1997; Chapter 3, Ribas-Carbo et al.). This allows cal-
culation of the partitioning of electron flow between
the two pathways in the absence of added inhibitors,
in both isolated mitochondria and intact tissues.

The development of a simplified aqueous-phase
system for on-line measurements of oxygen-isotope
fractionation (Ribas-Carbo et al., 1995; Chapter
3, Ribas-Carbo et al.) allowed direct experimental
verification that the alternative oxidase can com-
pete for electrons with the cytochrome oxidase,
overturning the longstanding paradigm that the al-
ternative pathway only becomes engaged when the
cytochrome pathway is saturated (Bahr and Bonner,
1973; Lambers, 1980; Moore and Siedow, 1991). In
mitochondria isolated from green soybean (Glycine
max) cotyledons, electrons were partitioned to the
alternative pathway under state 3 conditions in the
presence of pyruvate, i.e. where the ubiquinone pool
was relatively oxidized and the cytochrome pathway
not saturated. Furthermore, in state 4, the alternative
pathway was carrying 45% of the electron transport;
but addition of SHAM did not inhibit the respiration
rate, indicating that those electrons were redirected
to the unsaturated cytochrome pathway (Ribas-Carbo
et al.,, 1995).

lll. The Ecophysiological Function of the
Alternative Pathway

Why should plants produce and maintain a pathway
that supports nonphosphorylating electron transport
in mitochondria? Are there situations where respira-
tion in the absence of ATP production could serve
important physiological functions? In this section we
briefly discuss the merits of hypotheses to explain
the presence of the alternative path in higher plants.
Testing of these hypotheses will require the use of
mutants lacking alternative path activity, some of
which have been produced with molecular techniques.
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It will also be necessary to assess alternative path
activity in plants exposed to arange of environmental
conditions, to enhance our understanding of situations
that turn the alternative oxidase on or off. It will also
require investigation of the activities of the different
members of the AOX gene family. Since we now know
that inhibitors do not provide reliable tools to assess
alternative path activity, the isotope-fractionation
technique (Chapter 3, Ribas-Carbo et al.) will be
essential for such research. Many experiments car-
ried out in the past two or three decades are worth
revisiting using this new technique.

A. Heat Production

An important consequence of the lack of coupling
to ATP production in the alternative pathway is that
the energy produced by oxidation is released as heat.
More than 200 years have passed since Lamarck
described heat production in Arum and more than
60 years since thermogenesis was linked to cya-
nide-resistant respiration (Laties, 1997). This heat
production is ecologically important in some flowers
(Knutson, 1974). These inflorescences may expand in
early spring when air temperatures are low and can
‘melt’ their way through late-lying snow. Preceding
the upsurge in respiration, generally referred to as the
‘respiratory crisis’, salicylic acid accumulates which
triggers the increase in respiration in some parts of
the flower (Raskin et al., 1987). During the ‘respira-
tory crisis’ the respiration rate of the Arum spadix
increases to very high levels, and its temperature
rises to approximately 10 °C above ambient, so that
odoriferous amines are volatilised, pollinators are
attracted and rates of ovule and pollen development
increase (Meeuse, 1975). During heat production the
respiration of the spadix is largely cyanide-resistant.
This contributes to heat production, as the lack of
proton extrusion coupled to electron flow allows
a large fraction of the energy in the substrate to be
released as heat.

Heatproduction also occurs in the flowers of several
South American Annona species, Victoria amazonica
(Amazon water lily) and Nelumbo nucifera (sacred
lotus), presumably also linked to activity of the alter-
native path. These flowers regulate their temperature
with remarkable precision (Seymour et al., 1998).
While the air temperature varies between 10 and 30 °C,
the flowers remain between 30 and 35 °C The stable
temperature is a consequence of increasing respiration
rates in proportion to decreasing temperatures. This

phenomenon of thermoregulation in plants is known
for only two other species: Philodendron selloum and
Symplocarpus foetidus (skunk cabbage: Knutson,
1974). It has been suggested that heat production in
the sacred lotus is an energetic reward for pollinating
beetles. These are trapped overnight, when they feed
and copulate, and then carry the pollen away when
the flower opens the following day (Seymour and
Schultze-Motel, 1996).

Canthe alternative oxidase also play a significantrole
in increasing the temperature of leaves, for example
during exposure to low temperature? There is indeed
some evidence for increased heat production (7-22%
increase) in low-temperature resistant plants (Moyni-
han et al., 1995). However, such an increase in heat
production cannot lead to a significant temperature rise
in leaves (less that 0.1 °C; Breidenbach et al., 1997;
Lambers et al., 1998b), and hence is unlikely to play
a role in any cold-resistance mechanism. To explain
the contribution of the alternative path in respiration
of nonthermogenic organs other ecophysiological roles
must be invoked.

Does the alternative path also play a role in the res-
piration of ‘ordinary’ tissues, such as roots and leaves?
The application of specific inhibitors of the alternative
path shows that the alternative path does contribute
to the respiration of roots and leaves of at least some
species. The discrimination technique has also shown
that the alternative pathway may account forup to 50%
of all respiration. If the role of the alternative path in
nonthermogenic plants is not that of heat production,
what might its role be?

B.The Alternative Pathway as an Energy
Overflow

Aspointed out above, the quantitative significance of
the alternative path might increase when the produc-
tion of organic acids is not matched by their oxidation,
such that they accumulate. This observation led to
the ‘energy overflow hypothesis’ (Lambers, 1980).
It states that respiration via the alternative path only
proceeds in the presence of high concentrations of
respiratory substrate. It considers the alternative path
asa ‘coarse control’ of carbohydrate metabolism, but
not as an alternative to the finer control by adenylates
(Secs. II.A and 11.B).

The continuous employment of the alternative oxi-
dase under normal ‘nonstress’ conditions might ensure
arate of carbon delivery to the root that enables the plant
to cope with ‘stress’. However, it has not been success-
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fully demonstrated that ‘stress’ requires greater carbon
demand. In fact if growth slows down under stress, the
carbon requirements might actually decrease (Chapter
6, Flexas et al.). However, the demand for carbon or
metabolic energy of a tissue may also change suddenly
when a stress is imposed. For example, a decrease in
rhizosphere water potential increases the roots’ carbon
demand for synthesis of compatible solutes for osmotic
adjustment (Lambers et al., 1981). Similarly, attack
by parasites and pathogens may suddenly increase
carbon demands for tissue repair and the mobilization
ofplant defenses (Simons and Lambers, 1999; Simons
etal., 1999). The alternative oxidase activity may also
prevent the production of superoxide and/or hydro-
gen peroxide. Superoxide is produced when electron
transport through the cytochrome path is impaired
(e.g., due to low temperature or desiccation injury),
and this is partly due to a reaction of ubisemiquinone
with molecular oxygen (Purvis and Shewfelt, 1993).
Superoxide, like other reactive oxygen species (ROS),
can cause severe metabolic disturbances. So far, the
various interpretations of the physiological function of
an ‘energy overflow’ remain speculative.

C. Using the Alternative Pathway in Emer-
gency Cases

The activity of the cytochrome path may be elevated
upon increased availability of ADP, at the expense
of the activity of the alternative path. Addition of
nitrate to two-week-old Pisum sativum (pea) roots,
grown without nitrate appeared to show this effect,
but this interpretation should be checked, as it was
based on inhibitor studies (De Visser et al., 1986). A
sudden increase in energy demand for nitrate uptake
should increase the concentration of ADP in the cell,
thus increasing glycolytic activity. This then might
lead to a greater input of electrons into the respi-
ratory chain than could be accommodated by the
cytochrome path, if this was already operating at its
maximum capacity. As a result, the alternative path
might become engaged. Because more electrons are
fed into the mitochondrial electron-transport chain
than can be accepted by the cytochrome path, this
model was termed the ‘energy overcharge model’. It
could apply to nonsteady state conditions, as in the
above experiments, and/or to conditions when the
activity of the cytochrome path is controlled more
by substrate supply than by adenylates.

D. NADH-Oxidation in the Presence of a High
Energy Charge

Ifcells require a large amount of carbon skeletons (e.g.,
citrate or oxoglutarate) but do not have a high demand
for ATP, then the operation of the alternative path could
prove useful. However, can we envisage such a situation
in vivo? Whenever the rate of carbon skeleton produc-
tion is high, there tends to be a great need for ATP to
further metabolize and incorporate these skeletons.
When plants are infected by pathogenic microorgan-
isms, however, they may produce phytoalexins which
might well require engagement of the alternative path
(Simons and Lambers, 1999; Simons et al., 1999).
Also, in roots that exude vast amounts of carboxylates
at a time when their ATP demand is low, enhanced
alternative path activity might be required. This might
account for increased expression of AOX in the cluster
roots of Lupinus albus (Kania et al., 2003) and Hakea
prostrata (Shane et al., 2004). Other examples include
the infected cells in root nodules of legumes; however,
these have less alternative path capacity than any other
cells from the same nodules or other tissues of the same
plants (Millar et al., 1997). Leaf guard cells also have
the capacity to rapidly synthesize malate, which plays
a role in stomatal opening. Guard cells have a very
high respiratory capacity when compared to adjacent
mesophyll cells. However, the cyanide-resistant com-
ponent of respiration only constitutes about 38% of
total respiration in the guard cells, as opposed to 66%
in mesophyll cells (Vani and Raghavendra, 1994).
Hence, rapid synthesis of organic acids in guard cells
is probably not associated with greater alternative
path capacity. However, since these experiments were
performed with inhibitors, they may underestimate the
contribution of the alternative pathway.

There may be a need for a nonphosphorylating path
to allow rapid oxidation of malate in CAM plants during
the day (Lance etal., 1985). Unfortunately, there are no
techniques available to assess alternative path activity
in the light. If measurements are made in the dark by
briefly darkening tissues for up to one hour during the
normal light period, then malate decarboxylation in
CAM plants is indeed associated with increased en-
gagement of the alternative path (Robinsonetal., 1992).
Malate decarboxylation, however, naturally occurs in
the light. It therefore remains to be confirmed that the
alternative path plays a vital role in Crassulacean acid
metabolism.
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E. Continuation of Respiration when the Activ-
ity of the Cytochrome Path Is Restricted

Naturally occurring inhibitors of the cytochrome
path (e.g., cyanide, sulfide, carbon dioxide and nitric
oxide) may reach such high concentrations in the
tissue that respiration via the cytochrome path is
partially or fully inhibited (Palet et al., 1991, 1992;
Millar and Day, 1997).

Dry seeds, including those of species such as Cu-
cumis sativus, Hordeum vulgare, Oryza sativa and
Xanthium pennsylvanicum contain cyanogenic com-
pounds, such as cyanohydrin, cyanogenic glycosides
and cyanogenic lipids. Such compounds liberate free
HCN by hydrolysis during imbibition. Upon imbibi-
tion and triggered by ethylene, seeds producing these
cyanogenic compounds produce a mitochondrial {3-
cyanoalanine synthase that detoxifies HCN (Hagesawa
etal., 1995). Despite this detoxifying mechanism, toxic
levels of HCN might be present in the mitochondria of
some tissue (Millenaar and Lambers, 2003).

Some plants produce sulfide (e.g., species belonging
to the Cucurbitaceae; Rennenberg and Filner, 1983).
Sulfide is also produced by anaerobic sulfate-reducing
microorganisms. It may occur in high concentrations
in the phyllosphere of aquatic plants or the rhizo-
sphere of flooded plants. In such flooded soils, carbon
dioxide levels also increase (Chapter 8, Colmer and
Greenway).

Measurements with the oxygen-isotope-fractionation
technique have also shown that some growth-inhibiting
allelochemicals increase electron partitioning to the
alternative pathway (Pefiuelas et al., 1996). When
green soybean (Glycine max) cotyledons were treated
with cinnamic acid, the partitioning of electrons to
the alternative pathway increased from 39 to 62%;
there was also a slightly increased partitioning with
a-pinene, but not with quercetin or juglone. However,
this increase in partitioning to the alternative pathway
was due to a reduction in the rate of cytochrome
pathway respiration, rather than an absolute increase
in alternative pathway activity.

Leaf respiration in the dark might be inhibited at
elevated concentrations of CO, in the atmosphere, such
aspredicted to occur in the next century. Although some
of these reports should be dismissed as artifacts, the
phenomenon does exist (Drake et al., 1999; Chapter
13, Gonzalez-Meler and Taneva). Such inhibition
may be partly due to inhibition of the cytochrome
path because in vitro cytochrome oxidase is inhibited
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by CO, concentrations in the range known to inhibit
respiration of intact leaves (Gonzalez-Meler et al.,
1996, Chapter 13, Gonzalez-Meler and Taneva). The
presence of an alternative path, which is unaftected by
inhibitors that block the cytochrome path, may allow
continued respiration and ATP production, albeit with
low efficiency, under such conditions.

In addition, when the activity of the cytochrome
path is restricted by low temperature, the alternative
path might increase in activity. In fact, exposure to
low temperature enhances the amount of alternative
oxidase in mitochondria of Zea mays (Stewart et al.,
1990) and Nicotiana tabacum (Vanlerberghe and
Mclntosh, 1992). Such an induction is also achieved
when the activity of the cytochrome path is restricted
in other ways [e.g., by application of inhibitors of
mitochondrial protein synthesis (Day et al., 1996),
or of inhibitors of the cytochrome path (Wagner et
al., 1992)]. Interestingly, only those inhibitors of the
cytochrome path that enhance superoxide production
lead to induction of the alternative oxidase.

In maize (Zea mays), total leaf respiration, mea-
sured during recovery at 25 °C, was not affected by a
chilling treatment at 5 °C in either a chilling-sensitive
or a chilling-resistant cultivar, but electron partition-
ing to the alternative pathway was significantly higher
inthe more stressed, chilling-sensitive cultivar (Ribas-
Carbo et al., 2000). This suggests that the alternative
pathway activity is related to the level of stress that
the plant is subjected to, rather than to the cold treat-
ment itself. The cytochrome pathway appears more
sensitive to chilling stress than the alternative oxidase,
and greater activity of the alternative pathway may be
required to prevent over-reduction of the ubiquinone
pool, and formation of reactive oxygen species.

Moreover, superoxide itself can also induce expres-
sion of the alternative oxidase. This has led to the sug-
gestion that reactive oxygen species, including H,O,,
are part of the signal(s) communicating cytochrome
path restriction in the mitochondria to the nucleus,
thus inducing alternative oxidase synthesis (Wagner
and Krab, 1995). The key question is, of course, if
enhanced expression of the alternative oxidase leads to
greater activity of the alternative path. In Vigna radiata
this appears to be the case, but such a response is not
found in Glycine max (Gonzalez-Meler et al., 1999)
or in Nicotiana tabacum (Lennon et al., 1997).

The role of the alternative oxidase in protecting
plants from over-reduction of the mitochondrial
electron transport chain has been examined in to-
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bacco plants treated with salicylic acid (Lennon et
al., 1997). Salicylic acid (SA) is a signal molecule in
systemic-acquired resistance, and induces the alterna-
tive oxidase protein in tobacco (Nicotiana tabacum).
Treatment of tobacco leaves with SA had no effect on
the overall respiratory rate, or on the relative contribu-
tion of either the cytochrome or alternative pathways
to this respiration, despite a nine-fold increase in the
level of AOX protein. The rate of cyanide-resistant
oxygen uptake (V) increased (two-fold) with this
increase in AOX protein, but the relationship was not
linear. However V. was equal to the total respira-
tion rate, suggesting saturation of the respiratory
capacity in these leaves. AOX protein also increased
in tobacco leaves in response to infection by tobacco
mosaic virus (TMV), in both inoculated and systemic
leaves, and in leaves of Arabidopsis thaliana, infected
by Pseudomonas syringae (Simons et al. 1999). AOX
protein levels were four-fold higher in direct lesion
areas and 1.5-fold higher in areas adjacent to lesions
when compared to uninfected control leaves. Con-
sequently, in this study, the increase in AOX protein
did not affect either total respiration or partitioning
between the two pathways in these infected leaves.
The increase in AOX protein may be required during
the oxidative burst that follows infection and for the
hypersensitive response; in this case fractionation
measurements would have to be made immediately
following infection.

The effect of herbicides that inhibit branched-chain
amino acid biosynthesis on alternative and cyto-
chrome pathway respiration was recently examined
in soybean roots (Gaston et al., 2003). Herbicide
treatment resulted in a decrease in cytochrome
pathway activity, whilst alternative pathway activity
was maintained or increased. Although AOX protein
increased in the herbicide-treated roots, the protein
level did not correlate with alternative pathway ac-
tivity. The pyruvate concentration was significantly
higher in the herbicide-treated roots, and pyruvate
may have acted as a substrate and/or as an allosteric
activator of the enzyme. The alternative oxidase
may thus be important in maintaining the carbon
balance in stressed roots, and preventing pyruvate
fermentation.

In the absence of an alternative oxidase, inhibi-
tion or restriction of the activity of the cytochrome
path would inexorably lead to the accumulation of
fermentation products, as found in transgenic plants
lacking the alternative oxidase (Vanlerberghe et al.,

1995). In addition, it might cause the ubiquinone
pool to become highly reduced, which might well
lead to the formation of reactive oxygen species and
concomitant damage to the cell (Purvis and Shewfelt,
1993). Further work with genotypes lacking the alter-
native path is an essential avenue of future research
on the ecophysiological role of the alternative path
in plant function.

IV. Concluding Remarks

The regulation of the alternative pathway is complex,
probably species dependent, and may relate to a
number of factors including protein concentration,
pyruvate concentration (cellular carbohydrates, ad-
enylate control, ubiquinone reduction, etc.). However,
evidence is accumulating to support a role of the
alternative oxidase in the prevention of over-reduction
of the ubiquinone pool and the formation of reactive
oxygen species.
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Summary

Calorespirometry is a means for understanding how plants adapt and acclimate metabolically to their environ-
ment. Analysis of the energetics of respiration shows that measurements of metabolic heat and CO, rates by
calorespirometry, combined with estimates of substrate and biomass composition, are sufficient to calculate
substrate carbon-conversion efficiencies, anabolic rates or rates of growth and development, and relative activi-
ties of metabolic paths. Calorespirometric measurements can thus be used to rapidly investigate the responses
of plant growth and metabolism to varying conditions and to compare the responses of species and genotypes.
Calorespirometric and calorimetric methods have been used to determine the temperature dependence of
growth rate, temperature limits for growth, the kinetics of both chilling- and high-temperature responses, and
the effects of toxins and nutrient deficiencies.
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l. Introduction

Determining how plant metabolism adapts or ac-
climates to the diversity of plant habitats is a major
challenge for plant physiologists. Some qualitative
differences, e.g. C, and C, photosynthesis, are widely
recognized, but the quantitative differences that
exist even over short distances and small changes
in environment have been difficult to measure. For
example, a single hillside in northern Utah with less
than 80 meters rise in elevation has two subspecies of
sagebrush, Artemesia tridentata Nutt. ssp. tridentata
atthe low end of'the hillside and Artemesia tridentata
Nutt. ssp. vaseyana at the upper elevation with a
stable hybrid swarm at mid elevations (Freeman et al.,
1991; 1999; Wangetal., 1997; 1998). Plants or seeds
taken from any of the three elevations and planted
at other elevations fail to thrive and eventually die
without a clear cause. Movement of soil among the
gardens does not affect the result. Standard measures
of the physiology of plants from the three areas, e.g.
gas exchange, composition, predation, etc., have all
failed to identify any correlation with abiotic char-
acteristics of the three test sites that can account for
the observations. Calorespirometric measurements
however demonstrate clear differences among the
three plant populations (Smith et al., 1999a, 2002)
which are related to their survival at each site. The
ability of calorespirometry to measure differences
in respiratory properties indistinguishable by any
other means thus can make a unique contribution to
our understanding of adaptation and acclimation of
plant metabolism to the environment.

Animal and microbial scientists have long relied on
calorespirometric methods to provide a quantitative
understanding of respiratory physiology (Gabriel,
1955). However, despite the unique contributions
that calorimetric methods can and have made to
understanding of plant respiration (Criddle et al.,
1991; Hansen et al., 1995; Criddle and Hansen,
1999), plant scientists have been slow to adopt ca-
lorimetric methods. The first calorimetric measure-
ments on plant respiration were done about 200 years

Abbreviations: C,, — anabolic products; Cg — substrate from a
C-mole of substrate; q — heat; R,, — specific rate of production
of anabolic products; Rco, — specific rate of CO, production;
R, — specific rate of heat production; AH, — enthalpy change for
formation of a C-mole of anabolic products ; AHco, — enthalpy
change for combustion of C, per mole of CO,; € — substrate car-
bon conversion efficiency; y4 — oxidation state of carbon in Cg;
uW — microwatt or microjoule s

ago, but until recently, calorimetric methods have
seldom been used to study plants. One reason for
this has been a focus on photosynthesis as the key
property of plants, and calorimetric measurements
on photosynthesizing systems are difficult because
of the large background energy input from the light
source (Johansson and Wadso, 1997). Also, because
of the equivalence between net photosynthesis and
growth (Demetriades-Shaw et al., 1992; Hansen et
al., 1998), photosynthesis has often been viewed as
the controlling factor in plant growth rather than
respiration-linked anabolic processes. This has led
to widely accepted, respiration-based growth models
that fit existing data (Amthor, 2000), but have little
explanatory power in terms of the biochemistry and
metabolic physiology of plants (Hansen et al., 1998,
2002a).

Respiration models have been limited by lack of
a convenient method for measuring the substrate
carbon-conversion efficiency. Large amounts of data
are available on respiration rates, but very few data
are available on directly measured efficiencies. Single
measures of respiration rates, i.e. rates of CO, pro-
duction and rates of O, uptake, have frequently been
found to be correlated with growth rates (Amthor,
2000). However, the correlation is sometimes posi-
tive, sometimes negative, and sometimes nonexistent,
and little is known about how the relation between
metabolism and growth changes with experimental
conditions. No single measure of respiration rate
provides sufficient information to define the relation
between metabolic and growth characteristics because
growth rate depends on both the rate of respiratory
metabolism and on the metabolic pathways (including
futile pathways) that determine what fraction of the
substrate carbon is incorporated into growth. When
a large fraction of the substrate is lost as CO,, i.e.
when efficiency is low, a rapid respiration rate may
still give slow growth rates. For rapid growth, both
rate and efficiency must be high.

To fully understand the relation between metabo-
lism and growth, both rate and efficiency must be
measured. Calorespirometry provides a rapid and
convenient means for simultaneously measuring rate
and efficiency as functions of temperature. However, a
model based on both plant biochemistry and thermo-
dynamics is necessary. Otherwise, calorimetry would
be just another method for measuring respiration
rates, albeit a particularly useful one for measuring
rates as a function of temperature. The model derived
here shows that calorespirometric measurements are



Chapter 2 Calorespirometry in Plant Biology

necessary to understand plant growth energetics, and
hence the physiological ecology of plants.

The process of plant growth cannot be fully com-
prehended without a fundamental understanding of
how energy from respiration is used in processing
photosynthate and nutrients into new tissues. Such
an understanding requires calorimetric measure-
ments of energy losses, but the general unfamiliarity
of plant physiologists with calorimetric methods
and the thermodynamic models needed to extract
meaningful information on plant physiology from
calorespirometric data has made it difficult. However,
the enthalpy and mass balance equations necessary
for describing growth processes are readily deriv-
able from the law of conservation of mass, the first
law of thermodynamics and Thornton’s rule. (This
rule states that a near-constant amount of heat is
produced per mole O, consumed during oxidation
of organic substances (Battley, 1999; Hansen et al.,
2004).) The model presented here consists of only
four equations, but is an accurate description of the
relation between plant respiratory metabolism and
growth properties.

Calorimetry provides a means for measuring the
energy lost as heat during respiratory metabolism in
plant tissues, and thus enables quantitative exami-
nation of total energy balance. When calorimetric
measurements of heat rate are combined with mea-
surements of the rate of CO, production, the method
is called calorespirometry, and energy use-efficiency
and anabolic rates or growth rates can be calculated.
When heat and CO, rates are measured for differ-
ent plants or tissues over a range of temperatures
and other growth conditions, responses of growth,
efficiency, and activities of metabolic pathways to
biotic and abiotic variables can be compared (Hansen
etal.,2004). This chapter describes calorespirometric
and data-analysis methods currently in use, and the
unique information concerning plant respiration and
growth that can be determined from calorespirometric
measurements.

Il. Methods for Calorespirometry Studies,
Including an lllustrative Example

Any live plant material that can be fit into the
measuring chamber of a heat conduction or power
compensation calorimeter can be studied by calorespi-
rometry. These two types of calorimeters measure
instantaneous heatrates directly. Measuring chambers

19

of calorimeters that have been used for determining
metabolic rates of various organisms range from
about 1 mL to room size (Kemp, 1999). Studies
have been done on plant materials ranging from
cells in culture to tissue sections to whole seedlings
and whole heads of cauliflower. Because the time
per measurement increases with sample size, most
measurements have been done in small (1-2 mL),
sealed-ampoule chambers.

Tissue culture studies require sterile conditions.
Other tissues need not be sterile, but must be clean
and relatively free from bacteria and fungi whose
metabolism would interfere with measurement of tis-
sue metabolism. Microbial contamination is generally
not a problem in studies of leaf and stem tissue, but
is more likely to be a problem with roots grown in
media that cannot be cleanly removed. Sand culture
of roots generally, but not always, produces tissue
samples with acceptably low levels of contamination.
Uncontaminated samples of most plant tissues pro-
duce a constant rate of heat output for several hours.
Bacterial contamination is generally evident from
an exponential increase in the heat rate as microbial
cells replicate during an experiment. Loss of tissue
viability or depletion of substrate is usually evident
as arapidly changing heat rate (Criddle and Hansen,
1999). Tissues of most plants are stable enough that
cuttings can be taken and stored or transported for
two to four days without any significant change in
respiratory properties.

Because calorimeter ampoules must be sealed to
prevent water loss, the build-up of toxic products or
metabolic activators (Hansen and Criddle, 1989),
tissue instability (Hemming, 1995), or temperature
sensitivities (Smith et al., 1999b) can cause unstable
heat rates. Wounding responses from cutting tissues
are also evident as rapidly changing heat rates, but
this response has been observed in only a very few
cases. Plant species and tissues that have exhibited an
unstable heat rate due to wounding include soybean
(Glycine max) leaves (Hemming, 1995), cauliflower
(Brassica oleracea) flowerettes (Hansen and Criddle,
1989), voodoo lily (Sauromatum guttatum) appendix
tissue (Lytle, et al., 2000), potato tuber (Solanum tu-
berosum) tissue (Smith, et al., 2000) and a water fern
(Azolla mexicana). Wound responses to cutting during
preparation for loading into the calorimeter have not
caused a measurable effect on metabolic activities
of tissues from more than 100 other species studied
to date (Criddle and Hansen, 1999 and references
therein). The possibility of wound responses can be
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routinely checked by comparing a sample cut once
with the same sample cut multiple times.

To illustrate the methods employed for plant
metabolic calorimetry and the information that can
be obtained by calorimetric methods, we selected,
at random, a one-day study on growing shoots from
two accessions of Atriplex confertifolia, one from
Montana and one from North Dakota. The plants
used in these experiments grew wild at their native
sites. Young shoots were cut from the plants, cooled
to about 5 °C, placed in open plastic bags, and trans-
ported to the calorimetry laboratory in Provo, Utah,
USA. (Different accessions, cultivars, species, etc.
can also be grown in chambers at various conditions
to quantify acclimation effects or grown in common
gardens to isolate genetic effects from acclimation.)
Small segments of young growing leaves (100 to 150
mg fresh weight) were excised with a razor blade,
weighed, and sealed into 1mL Hastelloy ampoules
of commercially available calorimeters (Calorimetry
Sciences Corporation, American Fork, Utah, USA
Model 4100) for heat rate measurements at selected
temperatures. Addition of water, buffer, or other
reagents to the tissue samples was not necessary for
these studies. Four calorimeters were used in the
study, each holding three replicate samples of each
accession in three separate measuring chambers. Two
calorimeters were used to measure heat rates starting
at 20 °C and proceeding upward at 5 °C intervals. Two
were used for measurements from 20 °C downward
at 5°C intervals. At the end of the experiment, tis-
sue samples were dried in a vacuum oven at 70 °C
for at least 24 hours, then weighed. A vacuum oven
is preferred for drying samples because less oxida-
tion occurs and samples are less friable. At these
conditions, weights of small tissue samples become
constant after 24 hours.

Figure 1 is a schematic representation of the plant
tissue sample, sample ampoule, calorimeter measur-
ing chamber, and calorimeter used for these studies.
References to, and construction details of, several
sizes of calorimeters for measurements of metabolic
heat rates may be found in Kemp (1999). Calorimeter
ampoules must usually: a) be sealed to prevent the
large heat effects of water evaporation, b) be capable
ofholding sufficient tissue to produce ample heat rate
for accurate measurement, and c) have adequate head
space for O, to support metabolism. An optimum
calorimeter for most work on plant tissues is a heat
conduction or power compensation calorimeter with
multiple, removable, -2 cm® sample ampoules, base-

line reproducibility of 3—5 uW, the ability to rapidly
change temperature (~1 °C min™") and stabilize at the
new temperature in a short time, and be capable of
covering the necessary temperature range (0 to 50 °C)
(Criddle and Hansen, 1999). Typical equilibration
times for these types of calorimeters with 1-2 mL
cells are 15-30 minutes. Baseline reproducibility
does not need to be better than about 1% of the total
expected heat rate, since that is about the reproduc-
ibility of tissue sample metabolism.

The calorimeters used in most of our experiments
have three, 1-mL sample ampoules and one reference
ampoule. Approximately 20 minutes are required for
the ampoules and samples to reach thermal steady-
state after insertion into the calorimeter. After this
time, heat rates are recorded every minute or two for
another 10-20 minutes (Fig. 2 shows an example of
the data collected in the illustrative study). Then, the
ampoules are removed from the calorimeter, the lids
opened, a small, open vial containing 0.4 M NaOH is
inserted, and the heat rate measured again. The CO,
produced by respiration in the sealed ampoule reacts
with the NaOH to form carbonate via the reaction

CO, (g) + 20H (aq) = CO,* (aq) + H,0 (1)

which has an enthalpy change of —108.5 kJ mol!
with 0.4 M NaOH (Criddle and Hansen, 1999). This
concentration of NaOH has approximately the same
water activity as plant tissues, thus minimizing trans-
port of water between the tissue and the solution. A
40 uL volume of 0.4M NaOH is more than adequate
to absorb all the CO, produced during measurements
in 1 mL ampoules (there are 16 umoles of NaOH in
40 uL of 0.4 M solution, and less than 4 umole of
CO, is produced during a typical measurement). The
heat rates recorded under these conditions represent
the sum of the rates of metabolic heat and heat from
carbonate formation. Subtraction of the heat rate
measured without NaOH yields the heat rate from car-
bonate formation in uW or uJ s!, and, when divided
by the negative of the enthalpy change for reaction (1),
i.e. 108.5 uJ nanomole™, the rate of CO, production.
Once again, the sample ampoules are removed, the
vials of NaOH are taken out, and heat rates measured
for a third time. This repeat measurement tests the
stability of the rate of heat production by the tissue
over the time of the experiment and allows correction
for any small changes in activity.

An instrument baseline constant determined with
empty ampoules has been subtracted from the data in



Chapter 2 Calorespirometry in Plant Biology

21

r] One of Four

_j:-’_‘ Large Covers

VI

Viton Gasket —-\\

/— Ampoule Cell——_|

Cell Holderm |

A

One of Four
Small Covers

/ NaOH vial

Tissue sample

o Detector T.E.D.

Block

[T sean TED.

—

———— Adiabalic Shield

Fig. 1. Schematic of calorimeter with plant tissue and NaOH vial in ampoule. The diagram shows one of four measuring chambers
in the Calorimetry Sciences Corp. (American Fork, UT) Model 4100 DSC. The T.E.D. (thermoelectric devices) are bismuth telluride
thermopiles, the 1-mL cylindrical ampoule is made from Hastelloy, the vial is made of glass, the block and remainder of construction
is nickel-plated aluminum. The scan T.E.D. is used to change the temperature of the block, to scan temperature up or down, or to hold

the block at a constant temperature.

Fig.2. Note thatrates are measured directly, i.e. in uW
or uJ s'. To analyze the data in Fig. 2, heat rates are
taken at ca. 33 minutes (318 uW), at ca. 70 minutes
(410 pw), and at ca. 111 minutes (293 pw). The heat
rates at 33 and 111 minutes are averaged to give the
metabolic heat rate at 70 minutes (306 uw), which
is then subtracted from the heat rate measured at 70
minutes to give the heat rate (104 uW) for the CO,
reaction. In studies of tissues cut from roots, shoots
and leaves of hundreds of plant species, nearly all
maintained relatively constant metabolic heat rates
for the duration of the experiment, about 2 hours
at each temperature for a total time of 6 to 8 hours.
If metabolic activity of tissue in the calorimeter
changes rapidly (i.e. from dying tissues, bacterial
contamination or wounding response), the results
are considered invalid. The heat rate data in Fig. 2
are decreasing somewhat faster than is usual, i.e. ca.
25 uW or 8% in 78 minutes, an indication that the
tissue is stressed. To avoid tissue damage caused by
stress, measurements are made beginning from a
non-stress temperature and working toward stressful
temperatures. Fresh samples could be used at each
temperature, but this is usually not necessary and
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Fig. 2. A sample data set showing calorimetric determination of
Rq and Rco,. Data points are at 2 minutes intervals. Data have
been corrected for a constant instrument baseline measured with
empty ampoules.

greatly increases the necessary effort.

Upon completion of one series of (- + - NaOH)
measurements (e.g., as in Fig. 2) on a set of samples,
the calorimeter temperature is changed, and measure-
ments are repeated on the same samples. Temperature
effects are routinely investigated at 5 °C intervals over
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Table 1. Calorespirometry data for Atriplex confertifolia leaf tissues

Accession: Montana

Wet Weight of tissue, mg 148.0
Dry Weight of tissue, mg 21.4
Temperature °C Heatrate  Heatrate/DW R,
NaOH uw uWmg'DW  pmolmg's’
20.15 - 433 19.21 76.7
+ 589
- 393
15.25 - 232 10.68 36.4
+ 313
- 225
10.34 - 125 6.12 20.2
+ 172
- 125
5.45 - 65 3.32 8.6
+ 93
- 72
the common growth temperature ranges encountered 50
by the plants. Thus, a set of data from one calorimeter o
typically includes heat rates and CO, rates for three 40 -
replicate samples over at least part of the temperature _ o A
range of interest. Other temperature intervals can g 301 o
be used to investigate wider or narrower ranges of =3 9
temperature. & 201 A
A subset of data from one typical experiment is A
shown in Table 1. For simplicity of presentation, the 10 s
data included in Table 1 are limited to only one of s A
three replicates, for only one accession, and for only 0 T . T
four temperatures. Though only a small fraction of 0 10 20 30 40

the data collected in one day, this abbreviated data
set illustrates the parameters that are directly mea-
sured by calorespirometry. Note that heat and CO,
data are both measured directly as rates. Figures 3
and 4 show plots of all the data on heat rate and CO,
rate with temperature taken in the one day study. As
expected, R, and Reo, change with temperature, but
it is informative that these changes do not occur in
parallel. Because the slopes differ, the ratio R /Rco,
also changes with temperature (Fig. 5).

lll. Plant Growth Model

The ratio of heat rate (R ) divided by the rate of CO,
production (Rco,), or (R /Rco,), has units of energy

Temperature, °C

Fig. 3. Metabolic heat rate, R , versus temperature for two acces-

sions of Atriplex confertifolia, circles are for the North Dakota
accession and triangles are for the Montana accession.

(kJoules per mole), and is useful as an indication
of efficiency. In simple descriptive terms, this ratio
equals the amount of heat lost from the plant or
tissue per mol of CO, produced. For plant tissues,
R /Rco, values typically range from about 200 to 500
kJoules per mole!. Energy produced via catabolism
in growing plants and used to drive anabolic reactions
is largely lost as heat. Thus, small values for R /Rco,
indicate that relatively little energy from catabolism
is lost to the environment per unit of growth or of
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Fig. 4. Respiratory CO, rate, Rco,, versus temperature for two
accessions of Atriplex confertifolia, triangles are for the North
Dakota accession and circles are for the Montana accession.

anabolic reaction. In contrast, plants having a large
R /Rco, lose much more energy per unit of growth.
Clearly, an inverse relation exists between R /Rco, and
efficiency in plant tissues with aerobic metabolism.
In vitro heats of combustion measurements of car-
bohydrates yield 470 kJoules per mole CO, formed.
Thus, a value of R /Rco, equal to 470 kJoules per
mole CO, in aerobic metabolism of photosynthate
would indicate zero efficiency, i.e. no growth, while
values less than 470 kJoules per mole indicate a posi-
tive efficiency and values greater than 470 kJoules
per mole indicate inclusion of reduced substances in
substrate oxidized.

Furthermore, Fig. 5 includes plots of R /Rco, for
two accessions of Atriplex confertifolia from different
locations. Comparison of the data for the two acces-
sions shows that R /Rco,, and thus efficiency, changes
differently with temperature for the two accessions.
Moreover, the temperatures of maximum efficiency
of the two accessions differ. Several other studies
(Criddle and Hansen, 1999; Smith, et al., 1999b)
have shown that both cultivated and native species
are adapted to maximize efficiency and growth rate
at the temperature encountered most frequently
during their growth season (the timing of which is
often controlled by factors other than temperature,
e.g., water).

These data show calorespirometric measurements
can be used to identify conditions in which individual
genotypes or phenotypes have low values of R /Rco,
and thus optimum efficiency for conversion of pho-
tosynthate into plant biomass. Calorespirometry thus
obviates the requirement for attempts to artificially
partition respiration into ill-defined compartments
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Fig. 5. The ratio, Rq/RCOZ, versus temperature for two accessions
of Atriplex confertifolia, triangles are for the North Dakota ac-
cession and circles are for the Montana accession.

such as growth and maintenance respiration, or to
make growth measurements seeking empirical cor-
relations that may predict effects of conditions or
genotypes on growth. Moreover, since R /Rco, reflects
the ratio of catabolism to anabolism, it also contains
quantitative information on metabolic pathways
(Hansen et al., 2004). Extracting this quantitative
information requires a model of the biochemistry and
thermodynamics of the growth processes.

The relation between growth and efficiency and
calorespirometric data can be quantified with a rela-
tively simple thermodynamic model of rates of energy
and mass flows during plant growth. Development
of this thermodynamic model for calorespirometric
analysis of plant growth processes has been previ-
ously published (Criddle and Hansen 1999 and refs
therein). Only four equations are needed to express
plant growth rates quantitatively in terms measurable
by, or calculated from, calorespirometric data. We
divide respiration-linked growth metabolism into two
parts, (a) the oxidative metabolism of a portion of
the photosynthate via oxygen-consuming catabolic
reactions to provide the energy or driving force for
anabolic reactions, and (b) the anabolic reactions that
result in growth. The rate of growth, broadly defined
to include changes in composition as well as increases
in mass or volume, is directly proportional to the rate
of anabolism. The combined catabolic and anabolic
processes of aerobic respiration are represented by
the abbreviated chemical Eq. (2), the first of our four
equations,

Cy+x0,+ (N, P K, etc.) = & C,, + (I —£)CO, (2)
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where C, represents one C-mole of substrate, € is the
fraction of substrate converted into anabolic products
and (1 —¢) is therefore the fraction of substrate carbon
lost as CO,. ¢ is (by definition) the substrate carbon
conversion efficiency. The value of ¢ is zero for non-
growing plants and tissues and reaches a maximum of
about 0.85 in rapidly growing vegetative plants and
tissues under ideal conditions (Penning de Vriesetal.,
1974; Amthor, 2000, and unpublished studies from
thislab). N, P, K, etc. represent the compounds of those
elements other than carbon required for ¢ C-mole
of anabolic products. C,, represents one C-mole of
the products of anabolism. It should be recognized
that Eq. (2) is simply a statement of conservation
of mass written in terms of plant substances. Equa-
tion (2) omits the details of the multiple processes
involved in growth, but it is nonetheless accurate.
The coefficients of Eq. (2 ) (i.e. the variables x and
¢) depend on growth conditions (e.g., temperature,
nutrients and water) and the nature of substrates and
products incorporated into biomass. The dependence
on conditions increases the complexity, but also al-
lows quantifying the responses of growth processes
to conditions by determination of &€ and x under a
variety of conditions.

From Eq. (2), the ratio of the rate of formation
of anabolic products to the rate of CO, production
is given by the ratio of the coefficients on C,, and
CO,. Thus

R,/Rco,=€/(1—€e)orR,,=Rco,[e/(1-¢)] (3)

where R, is the rate of formation of anabolic products
and Rco, is the rate of production of CO,. Equation
3 provides a relation giving the rate of formation of
anabolic products, or rate of growth in terms of Rco,,
and the substrate carbon conversion efficiency, .

From conservation of energy, the total rate of heat
production, R, is the sum of the rates of heat pro-
duced by catabolism (—Rc¢o, AHco, ) and by anabolism
(-RpAHp).

R, =-Rco, AHco, —R,; AHy or
R,p = (-Rco, AHco, — R )/AH, 4)

The negative signs arise because of opposite sign
conventions on heat (q) and enthalpy (H), H is nega-
tive and q is positive for exothermic processes. AHco,
is equal to the heat of combustion of the substrate (Cy)
per C-mole and AHj, is equal to the enthalpy change

for combustion of the substrate minus the enthalpy
change for combustion of the anabolic product (C,,),
bothper C-mole. Equation (4) thus allows calculation
of the rate of anabolism, R, from measurements of
Rq, Rco,, and AH,, if AHco, is known. Application
of Thornton’s rule to the catabolic part of Eq. (2) is
the key to quantification of AHco,. Thornton’s rule
states that combustion of organic compounds (such
as the substrates used for respiration in plants) yields
an average of 455 + 15 kJoules per mole of O, con-
sumed. Thus, every C-mole of carbohydrate oxidized
produces 470 kJoules and oxidation of a C-mole of a
typical fatty acid to CO, produces about 650 kJoules.
AHco, thus can be approximated as (-455)(1-y /4)
where v, is the average chemical oxidation state of
carbon in the substrate (note that y, = 0 for carbohy-
drates, —1.8 for lipids, and —1.0 for proteins).

Combining Egs. (3) and (4) to eliminate R, , gives
an equation for efficiency,

€ /(1 — 8) = [(71{(‘1/1{@)2 — AHCOZ)/AHB
or 1{(1/15{(‘()2 = AHC()2 — AHB [8 /(1 — S)] (5)

which allows calculation of &€ from measurable or
known quantities. R , Reo,, and AHy, are all measur-
able and, assuming the substrate is carbohydrate,
AHco, =-470 kJoules per mole CO,. Note that using
the exact value for carbohydrates is usually more
accurate than using the average value of Thornton’s
constant. However, approximating AHco, in Egs. (4)
and (5) with vy, = 0 generally causes negligible error
except under highly stressful conditions or in tissues
or plants where the substrate being oxidized includes
compounds other than carbohydrates. Changes in
efficiency as well as changes in substrate from car-
bohydrates are indicated by changes in R /Rco,.

Changes in R /Rco, from around 200 kJoules
mole™ in young, rapidly growing, unstressed plants
and tissues where a large fraction of the respiratory
energy is stored in biomass, to values of 470 kJoules
mole'or greater in highly stressful conditions where
the rate of energy accumulation is zero, represent very
large changes in growth efficiency. Such changes
are common in response to stresses from salt, hot
and cold temperatures, toxins, tissue age, and other
factors (e.g., see Fig. 5). R /Rco, is also increased by
depletion of carbohydrates in tissues stored too long
in the dark, but such increases are rarely seen in the
6-8 hours typically used to make calorespirometric
measurements.
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Four independent methods for determining AH,
(i.e. heats of combustion, elemental composi-
tion, growth rate, and substrate carbon conversion
efficiency) have recently been shown to produce
comparable results (Ellingson et al., 2002). These
measurements of AH; together with comparison
of R,; calculated from calorespirometric data with
directly measured growth rates (Taylor et al., 1998)
and temperature responses (Criddle et al., 1997,
2001; Smith et al., 1999b) have demonstrated the
accuracy of the model embodied in Egs. (2-5). De-
termination of AH, requires specialized equipment,
but fortunately it is not always necessary to measure
AH,. While growth rates and efficiencies may change
markedly with small changes in growth conditions,
plant composition, and therefore AH,, generally does
not. Moreover, AH, values are not highly variable
within classes of similar plants. Large numbers of
published values of AH, (i.e. heats of combustion)
are available for many plants and tissues (Vertregt and
Penning de Vries, 1987; Gary etal., 1995; Lamprecht,
1999). Thus, values of AH, can be estimated, rather
than measured, with acceptably small error for most
studies. Also, for many purposes, simply assuming
that AHj, is constant may be sufficient. For example,
in studies of how € and growth rates are changed by
altered conditions, it may be sufficient to evaluate
only (AH, [e /(1- €])) and (R,, AH}) (see Egs. (4)
and (5)) as functions of conditions. Table 2 and Fig. 6
show examples of each of these variables calculated
from our illustrative data set. Note that variation
with temperature of both efficiency and growth rate
is different for the two accessions. The negative
values in Fig. 6 indicate the assumption of y, = 0,
i.e. carbohydrate as substrate, has become incorrect
at these temperatures, and at the same time, that the
temperature condition is highly stressful.
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Analysis of Figs. 3 and 4 shows that the respiratory
rates of the two accessions differ at temperatures at
and above 20 °C. The specific heat rates of the North
Dakota accession are greater than those of the Mon-
tana accession, and the same is true for the CO, rates.
The CO, rate of the North Dakota accession decreases
sharply between 30 and 35 °C, an indication of high-
temperature stress. Note that the heat rate does not
show a similar decrease. The data in figures 3 and 4
fit the Arrhenius equation (rate = A ¢ T where A and
p are accession specific constants and T is the Kelvin
temperature) over most of the temperature range, but
with different values of the Arrhenius temperature
coefficient, u (Criddle and Hansen, 1999).

Figure 5 shows the substrate carbon-conversion
efficiency for the Montana accession is essentially
constant from 5 to 30 °C and then abruptly decreases
at 35 °C. Efficiency decreases continuously for the
North Dakota accession from 10 to 35 ° and decreases
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Fig. 6. Growthrate as R, AH};, versus temperature for two acces-
sions of Atriplex confertifolia, triangles are for the North Dakota
accession and circles are for the Montana accession.

Table 2. Atriplex confertifolia metabolic properties calculated from data inTable 1

Accession: Montana

Temperature °C "R /Rco, gabe AHg [e /(1- €)]**  AHp Ry*®
kJ mol™! uW mg! DW
20.15 271 +29 0.80 +0.03 199 £29 11.9+3.7
15.25 313 +30 0.76 £ 0.03 157 +£30 43+1.6
10.34 336 +£35 0.73 £ 0.04 134 +35 1.9+1.0
5.45 358 +57 0.69 = 0.08 112 +57 0.8+0.6
 Average and standard deviation of three samples. ® Assuming AHco, =—470 kJ mole™".

¢ Assuming AH, = +50 kJ mole™!
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abruptly when temperature decreases from 10 to
5°C. The R /Rco, values greater than 470 at high
temperature in both accessions indicate the substrate
for catabolism includes some compounds more re-
duced than carbohydrate. Together the variations in
rate and efficiency produce the variations in growth
rate seen in Fig. 6. Growth rate of the Montana ac-
cession increases steadily from 5 to 30°C and then
decreases abruptly at 35°C. The increase from 5 to
30°Cisaconsequence of an increasing rate at constant
efficiency. The decrease at 35 °C is caused by both
a loss of efficiency and a decrease in the CO, rate.
Growth rate of the North Dakota accession increases
from 5 to 10 °C, is constant from 10 to 25 °C, above
which it drops to negative values. The curves show the
low-temperature limit for growth of both accessions
is about 5 °C, and the high-temperature limits are ca.
35 °C for the Montana accession and ca. 28 °C for
the North Dakota accession. Note that the curves in
Fig. 6 do not have the classic, textbook, bell shape.
We expect these growth curves to optimize fitness,
i.e. growth and reproduction, in the climate at the na-
tive sites, but demonstration of this requires detailed
analysis of the climates.

IV. Difficulties Encountered in Developing
and Applying Calorespirometric Methods

Newcomers to calorespirometry commonly encounter
the following problems: a) using too much or too
little tissue, b) using the wrong tissue, c) failure to
dry or properly seal the ampoules, d) admitting water
vapor into the calorimeter at low temperature, €) al-
lowing NaOH solution to come in contact with the
tissues, f) using insufficient NaOH solution or CO,
contaminated NaOH.

Placing too much tissue in an ampoule can rapidly
deplete the oxygen, both because the sample dis-
places air and because a larger sample uses oxygen
at a higher rate. Oxygen depletion is indicated by a
rapid decrease in the heat rate, which often begins
abruptly. Placing too little tissue in an ampoule gives
rates too small for accurate measurement, particularly
of CO, by the method described here. The heat rate
from the CO, reaction with NaOH is typically about
20% of the metabolic heat rate. For example, at a
metabolic heat rate of 500 uW, the heat rate from
the CO, reaction would be 100 uW which has an
uncertainty ofabout 5% in our system. Metabolic heat
rates above 500 uW use more than half'the oxygen in

a 1-mL ampoule during a measurement. Thus, heat
rates around 400 uW in a 1-mL ampoule are a good
compromise. Measurement of the same sample at
different temperatures requires further compromise
since rates roughly double every 10 °C temperature
rise. Most rapidly-growing plant tissues produce 2 to
3 uW permg fresh weight, so experience shows a good
compromise is to use about 75 mg for measurements
at 20 up to 40 °C and 150 mg for measurements at
20 down to 0 °C.

It must be kept in mind that the properties mea-
sured apply only to the tissue used in the measure-
ment. Thus, growth rates and efficiencies should be
calculated from calorespirometric data taken on the
mostrapidly growing tissue. Such rates are indicative
of whole plant growth rates (Criddle and Hansen,
1999). Data taken on physiologically older tissue are
not indicative of growth rate, but may be of interest
for other reasons. Very little calorespirometric work
has been done on older tissues.

Evaporation and condensation of water can cause
heat effects that are much larger than metabolic heat.
Ampoules must be kept clean and dry on the outside
surfaces. Even the moisture in a fingerprint can
cause significant error. Drying ampoule surfaces is
conveniently done by wiping with an absorbent paper
tissue just before sealing and inserting the ampoule
into the calorimeter. Ampoules also must be properly
sealed or water evaporation will cause large endo-
thermic effects. This was a major problem in early
efforts, but has been solved by better machining of
ampoules and lids and choice of gasket materials by
calorimeter manufacturers. Calorimeters constructed
for use below room temperature always incorporate
some means for keeping the atmosphere in the mea-
suring chamber free from water vapor. Otherwise,
water would condense at temperatures below the
dew point with consequent large heat effects. Thus,
the measuring chamber must not be opened, which
admits room air, when the calorimeter temperature
is below the dew point in the room.

If NaOH vials are not properly cleaned and filled,
the solution can come in contact with the plant tissue
causing a large, exothermic heat effect. Vials should
be washed in dilute HCI (0.1 M) and thoroughly
rinsed between uses. Filling can be done with a Pas-
teur pipette, but bubbles must be avoided in the vial.
Bubbles can expand when temperature increases and
push the solution out of the vial. The NaOH solution
isnormally held in the vial in any orientation by capil-
lary action. Although no special care is necessary to
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keep CO, out of the NaOH solution, the presence of
too much carbonate in the solution must be avoided.
Carbonate reacts with CO,, but with a smaller heat
effect than hydroxide.

Many of the potential problems newcomers tend
to worry about are usually not significant. Wound-
ing responses of the tissue from cutting to fit in the
ampoule are generally absent. The amount of water
lost by the tissue to saturate the atmosphere in the
ampoule is insignificant. The effects of decreasing
oxygen and increasing CO,, which can go from 20
to 10% and from near zero to 10%, respectively,
during a typical measurement, have been found to
be negligible. If necessary, pure oxygen can be used
in the ampoule with little effect.

The major needs for improving current methods
in plant calorespirometry are a faster, more precise
method for measuring CO, rates and a compatible
method for measuring O, rates simultaneously with
the calorimetric measurement of heat rates. The
standard deviations of the properties listed in Table
2 are typical of the reproducibility obtained by the
methods described here. Much of the uncertainty is
a consequence of the low precision of the CO, rate
determination. Previous work employing Warburg
methods, gas chromatography, mass spectrometry,
and electrochemical methods (Criddle and Hansen,
1999) shows all of these to be much more difficult
to employ than the calorimetric method for CO,
described here. We are currently exploring the pos-
sibility of using optropes for both CO, and O, mea-
surement. Although optrode methods are promising,
we do not yet have sufficient data to fully evaluate
their usefulness for calorespirometry.

V. Applications of Calorespirometry and
Calorimetry

Curves of growth rate versus temperature are rapidly
generated as illustrated in Fig. 6. These curves define
the temperature for maximum growth rate and the
temperature limits for growth of the tissue or plant at
the time it was placed in the calorimeter. It must be
kept in mind that these are very short-term measure-
ments that allow no time for acclimation. Making
such measurements on tissues from closely-related
plants grown under a range of controlled conditions
provides information on acclimation. Determina-
tion of growth curves for plants native to a range of
climates but grown in a common garden provides
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information on genetic adaptation of plants as op-
posed to acclimation.

Because calorespirometry provides a direct way to
measure the substrate carbon-conversion efficiency,
the model described here gives the actual construc-
tion cost from measurements of R, and Rco,. The
construction cost estimated from measurements of
composition or heats of combustion (Gary et al., 1995)
provides only an upper limit for €, and underestimates
the total energy and hence carbon costs of biomass
synthesis under real conditions. The only way to
avoid such errors is to measure € directly in living
tissues and plants, and calorespirometry provides the
only rapid way (and often the only feasible way) to
measure € in varying growth conditions.

Ecophysiologists have for many years sought tools
to rapidly quantify growth rate and responses of plants
to changing environmental conditions. The rates of
developmental processes such as vegetative growth,
development of flowers, stem growth, and seed devel-
opment are proportional to their anabolic rates, R, ,,
and these are all altered by conditions. R,, can be
determined by calorespirometry. Calorespirometry is
thus a convenient means for determining the effects
of different conditions on these processes (Criddle
and Hansen, 1999).

Changing conditions always alter metabolism, but
may or may not have an effect on the rate of develop-
ment or growth. Equation 3 shows that anabolic rate
is equal to the product of rate (Rco,) and efficiency (&
/(1- €)). By definition, increasing stress must always
reduce efficiency, but the catabolic rate Rco, may
increase to compensate or partially compensate, with
the result that the anabolic rate remains constant.
Measurements of developmental or growth rates or
catabolic rates (as Rco,) alone thus cannot reveal
such stress effects, and can even be misleading. For
example, a stress may increase Rco, while decreas-
ing growth rate, giving an apparent inverse relation
between the rate of respiration and growth. Or, what is
thought to be an increasing stress may not be, as shown
by an increasing efficiency. For example, the growth
rate of most plants decreases with decreasing tem-
perature, but measurements of € show that efficiency
actually increases with decreasing temperature for
some plants (MacFarlane et al., 2002; Hemming et
al., 1999). The Atriplex confertifolia data in Table 2
show the opposite trend with temperature.

Calorespirometric measurements can be made on
tissues of different age, from different growth con-
ditions, and with differing nutrient sources, or with
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tissues differing in biomass composition, to evaluate
energy costs of differences in plant biosynthesis. Itis
only necessary to measure R, and Reo, in control and
test plants, calculate efficiency (or AH; [ /(1 — ¢€)])
and R,; (or R,, AH,) with Egs. (4) and (5). For
example, comparison of plant energy efficiencies
by calorespirometric measurements on plants that
have been stressed with salt and unstressed controls
can quantify the energy costs of the stress and sub-
sequently be related to effects of stress on growth
(Marcar et al., 2002). Additional measurements can
investigate whether one genotype is more susceptible
to a decrease in efficiency by a given stress than
another. As another example of stress response data
obtained by calorespirometry, the effects of tempera-
ture stress on respiratory metabolism in Eucalyptus
globulus seedlings was published by Macfarlane et
al. (2002). Measurements of Rco, and R as functions
of temperature enabled calculation of growth rates,
enthalpy conversion efficiencies, and even changes
in P/O ratios for oxidative phosphorylation result-
ing from temperature changes. This study is thus an
example of how calorespirometric studies can lead
to information on activities of biochemical pathways
beyond anabolism and catabolism.

The effects of toxins and nutrient stresses have also
been studied by calorimetry (see refs. in Criddle and
Hansen, 1999; Jones et al., 2000; Harris et al., 2001).
Respiration rate can either increase or decrease in
response to toxin and low-nutrient stresses. The ef-
fects on € and R, are nonlinear with concentrations
of toxin or nutrient. Small increases in nutrient or
toxin levels may cause large changes in respiration
rate. Toxins or low levels of nutrients often decrease
¢ but simultaneously increase Rco, to compensate
and maintain a near-constant growth rate (see Eq. 3).
This may continue with increase in toxin or decrease
in nutrient until a limit is reached where the ability
to compensate is exceeded. Because such studies
require direct measurement of €, no method except
calorespirometry could provide such information.

The use of calorimetry in many types of post-
harvest studies illustrates the breadth of application
of calorimetric methods. The role of a symbiotic
fungus in deterioration of quality of cut pineapple
(Ananas comosus) was demonstrated and a protective
treatment devised (Iverson et al., 1989). In a study
on cauliflower (Brassica oleracea), a gas-phase,
metabolic inhibitor was discovered that completely
stopped any measurable heat production at tempera-
tures below 20 °C. Although the inhibitor was never

identified, it was found that cauliflower heads could
be stored indefinitely with little loss in quality if the
temperature was kept below 20 °C under the right
atmospheric conditions in sealed containers (Hansen
and Criddle, 1989).

Although contributions of calorespirometry to se-
lection of crop plants have not been widely recognized
(Thornley, 2002), the ability of calorespirometry to
rapidly determine growth rate as a function of tem-
perature (e.g., see Fig. 6) has proven useful for crop
selection. Calorimetric methods have been used to
speed selection of Eucalyptus provenances, families,
and clones with appropriate temperature-growth
properties for establishment of plantations in Cali-
fornia and Mexico (Criddle et al., 1995; Anekonda et
al., 1996; Criddle et al., 1996). Eucalyptus have also
been identified for salt tolerance for saline regions in
Australia (N. E. Marcar, R. S. Criddle, C. Macfarlane
and L. D. Hansen, unpublished). Both Sierra and
coast redwoods (Sequoia gigantea and sempervirens,
respectively) have also been studied to match trees to
specific environments (Anekondaetal., 1993,1994).
Planting times for lettuce (Lactuca sativa) varieties
and cultivars to match climatic conditions have been
established by the calorespirometric methods de-
scribed here (R. S. Criddle, unpublished). Fungicide
use in commercial banana (Musa sapientum) pro-
duction was greatly reduced when it was discovered
from calorimetric measurements that the older leaves
that are subject to fungal infection were contributing
nothing to production and could be removed without
loss of yield (R. S. Criddle, unpublished).

Metabolic heat rates can be measured while scan-
ning temperature with a temperature scanning calo-
rimeter (Criddle etal., 1991), but itis not yet possible
to make accurate, simultaneous measurements of CO,
production while scanning temperature. Though the
full potential of the calorespirometric method is thus
not yet possible in continuous scanning studies, the
response of heat rate to temperature alone can be very
informative. The response of R, to temperature shows
upper and lower temperature limits for metabolism,
temperature optima, and ranges where rates increase,
decrease, or change abruptly with temperature (Smith
etal., 1999b). Scans can be done with either increas-
ing or decreasing temperature.

To summarize, measurement of respiratory heat
rates provides a convenient and accurate means for
measuring respiration rates as a function of tempera-
ture and other environmental variables. Simultaneous
measurement of respiratory CO, and heat production



Chapter 2 Calorespirometry in Plant Biology

rates provides information for determining anabolic
rates, substrate carbon conversion efficiencies and
growth rates over a range of conditions. Calorespi-
rometry makes it possible to use short-term measure-
ments to predict plant growth properties and to relate
these properties to activities of metabolic pathways.
Calorespirometry is thus a useful means for develop-
ing insight into adaptation and acclimation of plant
respiratory metabolism to environmental variables.
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Summary

The oxygen isotope technique is currently the only reliable method for studying relative electron partitioning
between the cytochrome and alternative plant respiratory pathways. The theoretical background to this technique
is described, as well as some of the difficulties that can complicate measurements. This chapter describes the
development of systems over the last 15 years that currently allow measurement of respiration in both intact
tissues and in the aqueous phase. Initially, the focus was on developing on-line systems for both gas and liquid
phase measurements, but in recent years attention has shifted to the development of portable off-line systems
which will allow measurements of respiratory electron partitioning in field studies. Measurements can now
be made much more rapidly and accurately than a decade ago, however, the application of this technique is
still limited by the availability of dedicated systems. Finally, a summary of data obtained with this technique
is presented.
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l. Introduction

Plants have a cyanide-insensitive respiratory pathway
in addition to the cytochrome pathway (Chapter 1,
Lambers et al.). This alternative pathway draws
electrons from ubiquinol to reduce oxygen to water.
Unlike the cytochrome pathway, the transport of elec-
trons through the alternative pathway is not linked to
proton extrusion, and therefore not coupled to energy
conservation. The alternative pathway is present in all
plant species studied (Moore and Siedow, 1991).

For many years, studies of electron partitioning
between the two respiratory pathways were performed
with the use of specific inhibitors of the two pathways
(i.e. cyanide for the cytochrome path, and SHAM
for the alternative path). It was thought that elec-
trons were only available to the alternative pathway
when the cytochrome pathway was either saturated
or inhibited (Dry et al., 1989). However, in 1995, it
was shown that, under certain circumstances, both
pathways compete for electrons under unsaturated or
uninhibited conditions (Hoefnagel etal., 1995; Ribas-
Carbo etal., 1995). It is now widely accepted that the
only reliable technique to study electron partitioning
between the cytochrome and alternative pathway is by
using oxygen-isotope fractionation (Day et al., 1996).
Although the methodology employed has changed
dramatically in the last decade, the theoretical basis
of'the oxygen-isotope fractionation technique remains
that described by Guy et al. (1989).

Il. Theoretical Background

The origin of this methodology can be found in Big-
eleisen and Wolfsberg (1958), Mariotti et al. (1981)
and Hayes (1983). Oxygen-isotope fractionation is
measured by examining the isotope fractionation of
the substrate oxygen as it is consumed in a closed,
leak-tight cuvette.

Since the energy needed to break the oxygen-oxy-
gen bond of a molecule containing '*0 is greater than
that to break the molecule '*O=0'¢, both terminal
oxidases of the plant mitochondrial electron transport
chain react preferentially with *0,, rather than with
#0,. However, because the two enzymes use different
mechanisms to break that bond, they produce different

Abbreviations: DMSO —dimethyl sulfoxide; DTT —dithiothreitol;
R—"0/"*Qratio; SHAM —salicylhydroxamic acid; TCD —thermal
conductivity detector; AD — isotopic fractionaltion factor

isotope effects (Hoefs, 1987). This difference can be
exploited to determine the relative flux through each
terminal oxidase.

In general, the basis for measurement of fraction-
ation is as follows. If a is the ratio of the rate of the
reaction with '*O to that with '°O, then:

Rp=ROL (1

where R is the '*0/'°O ratio of the product (H,0),
and R is that of the substrate (O,). Since o generally
differs from unity by only a few percent, fractionation
is often given by D where:

D=(1-a)x 1000 )

and the units of D are parts per mil (%o). Generally,
D is obtained directly from equation (1) by mea-
surements of the isotope ratio of the substrate and
product. However, since the product of an oxidase
reaction is H,O, and this is either the solvent for
these reactions (liquid-phase) or very difficult to
obtain (gas-phase), an alternative strategy has been
adopted. Changes in the isotope ratio of the oxygen
in the substrate pool are measured as the reaction
proceeds in a closed system. If there is any isotopic
fractionation during respiration, the oxygen-isotope
ratio (R) of the remaining O, increases as the reac-
tion proceeds. The respiratory isotope fractionation
can be obtained by measuring R, and the fraction of
molecular O, remaining at different times during the
course of the reaction.
Therefore, if we define the following terms;

R, = initial '*O/'%0O
R =180/'%0 at time t

f = fraction of remaining oxygen at time t: f =
[0,1/10,],

the change in R through time would be:

OR/dt = (1°0 (8'%0/dt) — 130 (8'°0/dt))/ (**O)* (3)
and since

080/0t =R a (8'°0/dt) 4

we obtain:
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OR/ R =0'0/"%0 (1 — ) 5)
which, upon integration, yields:
In R/R, =—In "*0/ *O_ (1 — o) (6)

Since only 0.4% of the O, contains '*O, the ratio
1%0/'%0, is a good approximation of O,/O,, or f, and
hence we may write,

D=In(R/R)/-Inf 7)

and D can be determined by the slope of the linear
regression of aplot of In R/R  vs—Inf, without forcing
this line through the origin. (Henry et al., 1999).

The standard error of the slope is determined as
(Neter and Wasserman, 1974):

SE - D (1 _ If2)1/2
r (Il _ 2)1/2
and indicates the precision of the measurement of
isotopic fractionation (D). For accurate measurements
this error should be less than 0.4%o, since the fraction-
ation differential between the cytochrome pathway
(18-20%o) and the alternative pathway (24-31%o) is
between 6%o and 12%o, for roots and green tissues,
respectively (Robinson et al., 1995). In most cases,
accurate determinations of D can be achieved with
experiments consisting of six measurements, provid-
ing the r? of the linear regression is 0.995 or higher
(Ribas-Carbo et al., 1995; Henry at al., 1999).
Since it is common practice in the botanical litera-
ture to express isotope fractionation in ‘A’ notation,
the fractionation factors, D, are converted to A as
described in Guy et al. (1993):

_ D
A= (D/1000)

A. Calculation of the Electron Partitioning
Between the Cytochrome and Alternative
Pathways

The partitioning between the cytochrome and the
alternative respiratory pathways (t,) is obtained as
described by Ribas-Carbo et al. (1997):

An B AC
T, =
! Aa - A(I

where A, is the oxygen-isotope fractionation meas-
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ured in the absence of inhibitors, and A, and A, are
the fractionation by the cytochrome and alternative
pathway, respectively. These end-points for purely
cytochrome or alternative pathway respiration are
established for each experimental system using inhibi-
tors of the alternative (SHAM, n-propylgallate) and
cytochrome (usually KCN) oxidases, respectively.
The cytochrome oxidase (A consistently gives a
fractionation between 18%o0 and 20%o (Table 1),
while the fractionation of the alternative oxidase is
much more variable, with values ranging from 24%.
to 31%o (Table 2). The importance of these endpoints
and some technical difficulties associated with their
measurement are described below.

Residual respiration, which is any oxygen uptake
in the presence of inhibitors of both the cytochrome
(KCN) and alternative (SHAM) pathways, has been
reported to have an isotopic fractionation between
19.6%0 and 21.0%o (Guy et al., 1989; Ribas-Carbo
et al., 1997). Because of the much lower fractiona-
tion by residual respiration, any significant residual
respiration present in the tissue would decrease its
alternative pathway fractionation (A,), compared to
isolated mitochondria, since the latter do not present
residual respiration. Ribas-Carbo etal. (1997) showed
that the oxygen-isotope fractionation by the alterna-
tive pathway was essentially the same in isolated
mitochondria (30.9%o) and intact tissues (31.5%o) of
green soybean (Glycine max) cotyledons. A similar
result was also observed in etiolated soybean cotyle-
dons. These results suggest that residual respiration
maybe an artifact which only occurs in tissues in
the presence of both inhibitors and therefore does
not interfere with the oxygen isotope fractionation
measurements (Ribas-Carbo et al., 1997).

B. Technical Difficulties Associated with the
Isotopic-Fractionation Technique

Determination of the end-points (A, and A ) has not
been a problem in the aqueous phase systems, which
are used for mitochondrial or whole-cell studies.
However, in whole-tissue studies poor infiltration of
the inhibitors can cause difficulties in determining
the two end-points, especially in dense or waxy tis-
sues. In most organs, A, is easy to obtain, since KCN
penetrates tissues fairly easily; it can be applied by
soaking samples in 1 mM KCN. However, some re-
searchers have reported difficulties with infiltration
of KCN into evergreen leaves, and had to resort to
concentrations of 16 mM KCN to obtain full inhi-
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Table 1. Summary of the discrimination values associated with respiration for a variety of plant tissues, measured in the presence and absence
of KCN and SHAM and during uninhibited respiration. Partitioning of respiratory flux to the alternative pathway is determined, as a percentage
of total flux, where end-point values are available (nd; not determined).

Species and tissue type Ac (+SH(§?)/I) Aa (-:OIZO ():N) An ((c(;:zl)trol) Part(l;gmng
Alocasia odora™ (leaf disks) 19.9 +0.96 259+25 19.6-20.4 0-8.9
Asparagus springeri® (intact mesophyll cells) 19.8" 26.1 20.6 0
Crassula argentea® (leaf discs) nd nd 21.8 nd
Crassula argentea® (leaf discs) nd nd 20.0 +1.34 nd
Giselina littoralis® (leaf halves) 15.7+£0.37 253 +0.53 18.5+0.53 33
Gliricidia sepium"® (leaves) 19.9+0.2 30.7+0.8 21.3-22.9 13-28
Glycine max™ (etiolated cotyledons) 20.6 + 0.6 255+0.3 18.6 +0.8 0
Glycine max" (etiolated cotyledon mitochondria) 21.1+0.5 254403 20.6-21.4 0-7
Glycine max™ (green cotyledons) 20.0+0.4 31.5+03 25.2-27 45-61
Glycine max™ (green cotyledon mitochondria) 199+1.1 30.9+0.6 20.2-25.5 0-51
Glycine max (leaf discs) nd nd 23.4 nd
Glycine max™ (roots) 20.8+0.5 25.1+£0.6 19.7-22.2 0-33
Glycine max' (roots) 16.0-16.3 24.2-24.6 16.4-20.5 5-55
Glycine max* (roots) 17.05 £ 0.49 27.06 £ 0.02 16.6-18.6 0-15
Glycine max™ (root mitochondria) 20.8+0.3 25.0+0.6 208-22.4 0-136
Kalanchoé daigremontiana' (1eaf disks) 18.9 30.2 20.3-26.0 12-63
Medicago sativa' (whole etiolated seedlings) 18.7 25.7 20.0 0
Medicago sativa® (whole seedlings) 18.7 26.2 21.7 40
Nicotiana tabacum” (leaf disks) 20.1+£0.3 31.4+£0.2 23.2 27
Nicotiana tabacum'’ (leaves) 19.6 £ 0.2 29.8+0.3 19.8-20.5 0-9
Phaseolus vulgaris® (leaf disks) 19.0£2.2 26.7+£0.97 18.7-22.1 0-40
Phaseolus vulgaris® (leaves) 19.5+0.5 303+0.4 20.3-22.9 8-31
Philodendron™ (roots) nd nd 11.9-20.2 nd
Poa annuaX (roots) 19.5+0.32 26.6 £0.10 21.6-23.6 30-60
Poa alpina® (roots) 19.16 £ 0.28 25.34+0.15 20.49 +£0.23 22+4
Poa pratensis® (roots) 20.10 £ 0.06 26.33+0.73 20.93 +£0.16 13+£3
Poa compressa® (roots) 19.60 +0.22 25.17+0.38 20.06 = 0.50 11+7
Poa trivali® (roots) 18.69 +0.19 26.06 + 0.64 22.29+0.48 49+7
Ricinus communis® (endosperm mitochondria) nd nd 17.3 nd
Sauromatum guttatum® (appendix slices) nd nd 7.8+2.7 nd
Spinacia oleracea”™ (leaf disks) 19.7£0.96 289+ 1.1 19.3-23.5 0-41
Symplocarpus foetidus® (spadix mitochondria) 17.4 24.1 226 78
Symplocarpus foetidus® (spadix slices) 109+1.2

Vigna radiata® (cotyledons) 18.9

Vigna radiata” hypocotyls 20 30.8 20-21.5 0-15
Vigna radiata” (leaf disks) 20.2 30.1 21-24 10-40
Zea mays? (leaf slices) 19.3+0.3 29.9+0.8 21.9-22.1 24-60

Data from; *Noguchi et al., 2001; BGuy et al., 1989 (recalculated as described in Robinson et al., 1995); “Robinson et al., 1995; "Nagel et al,.
2001; "Gonzalez-Meler et al., 2001; "Ribas-Carbo et al., 1997; SRibas-Carbo et al., 2000b; "Ribas-Carbo et al., 1995; '"Robinson et al., 1992
(recalculated as described in Robinson et al., 1995); ‘Millar et al., 1998; ¥XRibas-Carbo unpublished, ‘Lennon et al., 1997; MAngert and Luz,
2001: MMillenaar et al,. 2000; °Millenaar et al., 2001; "Gonzalez-Meler et al., 1999; °Ribas-Carbo et al., 2000a; Rdata include results obtained
with 200 uM disulfiram instead of SHAM.

bition (Nagel et al., 2001). The high concentration to volatilize (Nagel et al., 2001).
may have been required because infiltration and the In many tissues the application of SHAM is more
subsequent 2 h evaporation period allowed the cyanide problematic; however, in most cases where SHAM
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Table 2. Changes in discrimination values (Ap) measured during experimental manipulations of plant respiration. Data are means + s.e except

where ranges of means are shown.

Species by taxonomic group Ap (0/00) n Reference
Cotyledons
Glycine max (green, control) 24.3 £ 0.12 3-6 Penuelas et al., 1996
Glycine max (plus cinnamic acid) 26.8 £ 0.36 3-6 Penuelas et al., 1996
Glycine max (plus a-pinene ) 25.2 £ 0.25 3-6 Penuelas et al.,1996
Glycine max (plus juglone ) 23.7 £ 0.16 3-6 Penuelas et al., 1996
Glycine max (plus quercetin ) 234 £ 0.15 3-6 Penuelas et al., 1996
Leaves
Glycine max (90-95% RWC) 20.3 £ 0.4 Ribas-Carbo, unpublished
Glycine max (75-80% RWC) 23.0 £ 0.9 Ribas-Carbo, unpublished
Glycine max (60-70% RWC) 23.8 £ 0.6 Ribas-Carbo, unpublished
Kalanchoé daigremontiana acidification 22.89 + 1.24 11 Robinson et al., 1992
Kalanchoé daigremontiana de-acidification 25.6 £ 0.99 11 Robinson et al., 1992
Phaseolus vulgaris (high P) 20.3+ 0.2 3-5 Gonzalez-Meler et al., 2001
Phaseolus vulgaris (low P) 229+ 04 3-5 Gonzalez-Meler et al., 2001
Nicotiana tabacum (high P) 20.5+ 0.2 3-5 Gonzalez-Meler et al., 2001
Nicotiana tabacum (low P) 19.8+ 0.2 3-5 Gonzalez-Meler et al., 2001
Gliricidia sepium (high P) 213+ 04 3-5 Gonzalez-Meler et al., 2001
Gliricidia sepium (low P) 229+ 0.3 3-5 Gonzalez-Meler et al., 2001
Spinacia oleracea (high PPFD) 23.5+ 0.39 2 Noguchi et al., 2001
Spinacia oleracea (low PPFD) 207+ 1.3 2 Noguchi et al., 2001
Alocasia odora (high PPFD) 20.0 + 0.36 2 Noguchi et al., 2001
Alocasia odora (low PPFD) 20.0 1 Noguchi et al., 2001
Zea mays (Penjalinan chill-sensitive cultivar) 25.5 Ribas-Carbo et al., 2000a
Zea mays (Z7 chill-tolerant cultivar) 23.0 Ribas-Carbo et al., 2000a
Roots
Triticum aestivum (6-9d old) 12.6-14 16 Angert and Luz, 2001
Triticum aestivum (14-31d old) 15.0-15.6 21 Angert and Luz, 2001
Poa annua low sucrose 21.6-23.6 14 Millenaar et al., 2000
Poa annua high sucrose 20.9-22.1 7 Millenaar et al., 2000
Glycine max (4d old) 16.4 = 0.07 3 Millar et al., 1998
Glycine max (7d old) 19.1+ 045 3 Millar et al., 1998
Glycine max (17d old) 205+ 04 3 Millar et al., 1998
Glycine max (control) 16.9 2 Gaston et al., 2003
Glycine max (plus imazethapyr) 19.9 2 Gaston et al., 2003
Glycine max (plus chlorosulfuron) 21.3 2 Gaston et al., 2003
Whole plants
Lemna gibba plantlets 16 °C 20.6 1 Robinson et al., 1995
Lemna gibba plantlets 26 “°C 21.4 1 Robinson et al., 1995

has been applied at a concentration of 2—10 mM dis-
solved in DMSO:H,0 (1:100), treatment for 20-30
minutes has been sufficient to ensure full inhibition of
the alternative pathway (Robinson et al., 1992; Ribas-
Carbo etal., 1997; Lennon et al., 1997). However, in
some cases addition of the inhibitors leads to soaking

of the tissues, which can cause diffusion problems
with subsequent fractionation measurements.

Poor diffusion through tissues is perhaps the major
limitation to the fractionation method. If diffusion
limits the supply of oxygen to the terminal oxidases,
then the discrimination values will be lower than those
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associated with respiration, and will vary depending
on the rate of respiration. This is a problem with dense
tissues, and was noted in the early measurements of
Lane and Dole (1956) where carrot (Daucus carota)
roots and potato (Solanum tuberosum) tubers gave
A, values of 9%o compared with 25%o for spinach
(Spinacea oleraceae) leaves. Diffusion was also a
problem with the voodoo lily (Sauromatum guttatum)
and skunk cabbage (Symplocarpus foetidus) thermo-
genic tissues measured by Guy et al. (1989); however,
these were measured in an aqueous-phase system, and
improvements might be seen with similar tissues in
a gas-phase system. This is particularly unfortunate
since thermogenic tissues exhibit phenomenally fast
respiration rates and alternative oxidase expression,
and would make a fascinating area of study. Diffusion
is less of a problem with leaves, but likely affects
respiration measurements of thick tap-roots (Angert
and Luz, 2001) and stems, and may be an issue with
seeds. The implications of these diffusion limitations
for atmospheric oxygen composition are discussed
in Angert and Luz (2001).

The major problem of any isotope method of this
type is the possibility of contamination from outside
air in the form of leaks. The likelihood of this type of
contamination increases with every additional con-
nection. It also increases as the gradient between the
closed cuvette and the ambient air increase. Many of
the design improvements described below have been
directed at reducing leakage.

lll. Design Advances

Although the first measurements of respiratory '*O
discrimination were made by Lane and Dole as early
as 1956, the first application of this technology for
specific studies of electron partitioning between the
cytochrome and the alternative respiratory pathways
was more than thirty years later (Guy et al., 1989).
In the last decade the oxygen-isotope technique for
plant respiration studies has improved enormously.
The measuring systems have developed from the
original design in which oxygen had to be purified
and then converted to CO, (Guy et al. 1989), to
the newest, in which air is directly injected from a
cuvette into a dual-inlet mass-spectrometer system
that measures the '*O/'°O and O,/N, ratios (Gaston
et al., 2003). Along the way, many of the intermedi-
ate systems have been superceded, but several are
still in use. The developments have mainly produced

improvements in three aspects of this technique: a)
sensitivity, b) reliability, and c) reproducibility. They
have taken advantage of improvements in instru-
mentation to allow development of more efficient
and flexible systems. Since the system developed by
Guy et al. (1989) was an off-line system, the focus
of many of the first improvements was to speed up
measurements through the development of an online
mass-spectrometry system. However, the future de-
velopment of this technology will likely rely on the
development of efficient, reliable off-line systems like
those developed by Nagel et al. (2001) and Noguchi
et al. (2001) which allow measurements to be made
remotely from the mass spectrometer. This is essential
if the technique is to be used in field studies.

Numerous variations of the on-line mass-spec-
trometry system have been developed, including
liquid-phase systems for studies of algae, roots and
isolated mitochondria, and gas-phase systems for
studies with detached tissues like leaves, cotyledons
and intact roots.

In this chapter we will detail the development of the
different systems, and describe their basic features and
limitations, along with examples of results obtained
with them. Our goal is to provide a clear background
to this technique and to assist future researchers in the
field of plant respiration to apply the oxygen-isotope
technique to their studies.

A The Original Off-Line System

The first system designed to study oxygen-isotope
fractionation during plant respiration was developed
at the Department of Plant Biology of the Carnegie
Institution of Washington (Stanford, California,
USA) in the late 1980s (Guy et al., 1989). Although
it was groundbreaking in its day, this complicated
and cumbersome liquid-phase system has been
completely superseded.

This system featured a flexible and adjustable leak-
tight liquid-phase cuvette (100-400 mL in volume)
with an oxygen electrode at the bottom. Sample
aliquots (10-150 mL) were withdrawn from the
cuvette, and bubbled with high purity He to extract
oxygen (water vapor and CO, were removed from
the He stream by condensation in cold traps). The
oxygen was first separated from other gas mixtures
by chromatography, and then converted into CO, by
reaction with graphite heated to 750°C. The CO,
produced (10-20 wmol) was condensed and sealed
in glass tubes. Isotope ratios of CO, were then ana-
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lyzed at the Geophysical Laboratory of the Carnegie
Institution of Washington, Washington, D.C. Isolation
and purification of a single sample of oxygen thus
took several hours.

B. On-line Gas Phase Systems

The second system dedicated to studying oxygen-iso-
tope fractionation by plant respiration was developed
at the Department of Botany at Duke University
(Durham, North Carolina, USA) in the early 1990s
(Robinson et al., 1992). Its major advance was that
the mass spectrometer (VG-ISOTECH SIRA Series
IT, VG ISOGAS, Middlewich, UK) was able to mea-
sure the isotope ratio of oxygen ('30/'°0). This was
certainly a major technical leap forward, since the
purification of oxygen and its conversion to CO, in
a graphite furnace was no longer necessary.

In this system, respiration took place in a leaf-disk
electrode unit (LD1 Hansatech Instruments Ltd,
Kings Lynn, Norfolk, UK) from which, at regular
intervals, small amounts of air were drawn into a
100 uL sample loop of a six-port Valco valve (Valco
Instruments Co., Houston, Texas, USA) using a gas-
tight syringe. This sample was then switched directly
into the He flow. Water vapor and CO, were trapped,
and O, and N, were then separated by gas chroma-
tography, and identified by a Thermal Conductivity
Detector (TCD). Since N, is not consumed during
respiration, the O,/N, ratio was used as a measure of
total oxygen consumed by respiration. However, since
O, and Ar elute together from the chromatographic
column, a small correction was applied. The isotope
ratio '80/'°O was determined directly from the ratio
of masses 34 and 32 using an isotope-ratio mass
spectrometer operated in a continuous flow mode.

The major disadvantage of this system was that it
was prone to leaks, especially at the mixing syringe
and oxygen electrode O-rings. The oxygen electrode
itself may also discriminate against oxygen, and
therefore might compromise results. Another limita-
tion of this system is the intrinsic characteristics of
the continuous flow mode of the mass spectrometer,
which only allows one measurement of each sample
limiting its accuracy. In practice, this means that at
least 30% of all the oxygen present in the cuvette
must be consumed during the experiment in order to
obtain areliable result, thus limiting the experimenta-
tion to tissues that have a relatively fast respiration
rate. For slowly respiring tissues, this entails longer
experiments than preferable. However, this system
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had several advantages over the original system,
including its simple design, the possibility of rapid
measurements (6—10 min per sample) and the reduced
sample size.

This system has been further refined in the last
decade with a series of minor modifications. Origi-
nally, the oxygen concentration was measured using
an oxygen electrode; however, a more recent version
of this system uses TCD detections of O, and N, to
measure the total oxygen consumed. This meant that
the oxygen electrode could be replaced by a com-
mercial gas-tight syringe reducing the likelihood
of leaks. In addition, as air was withdrawn from
the syringe, helium was added into it with a mixing
syringe, thus keeping the pressure constant (Robin-
son et al., 1995). In a further development, the gas
tightness of the system was improved by replacing
the sample syringe with a purpose-built, metal 3-mL
cuvette with temperature control, and the mixing
syringe with a plunger filled with Hg (Gonzalez-
Meler et al., 1999).

A similar system was developed at the Australian
National University in Canberra, Australia (Millar
et al., 1998). This system uses a water-jacketed 50-
mL cuvette with adjustable volume (depending on
tissue and respiration rate). The sample (125 uL), gas
separation and isotope analysis are very similar to
that described above (Robinson et al., 1992).

C.The On-Line Liquid Phase System

This system was also designed at the Department of
Botany at Duke University, simultaneously with the
gas-phase system (Ribas-Carbo et al., 1995). The
reaction vessel is a water-jacketed 25-mL acrylic
cuvette with a plunger that descends as samples are
withdrawn during the course of the experiment. A
small sample (3 mL) is withdrawn from the reac-
tion vessel into a pre-evacuated sample chamber
and flushed with high purity He until all the gases
are purged. CO, and water vapor are then removed,
and the remaining gases (O,, N, and Ar) are ad-
sorbed onto a coarse molecular sieve-5A (500 um;
20 mesh) trap at liquid N, temperatures. Thereafter,
the trap is switched into the flow path of carrier gas
for the gas chromatograph, and the inlet system of
the continuous-flow isotope-ratio mass spectrometer,
and the gases are released by warming the molecular
sieve to 90°C. Oxygen and N, gases are separated
by chromatography and detected by TCD, and the
oxygen-isotope composition is measured by mass
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Fig. 1. Diagram of the most recent on-line oxygen isotope fractionation system (Gaston et al., 2003). A. 1 mL gas-tight syringe; B. 3
mL stainless steel cuvette; C. CO, and H,0 liquid nitrogen trap. IRMS, Dual Inlet Isotope Ratio Mass Spectometer; R; Reference bel-

lows; S, Sample bellows; @ indicate valves.

spectrometry as described for the gas-phase system
(Robinson et al., 1992).

The major problem with this system is, again,
leakage, especially around the cuvette plunger and
the multitude of valves. The entire line must be kept
under positive pressure (up to 230 kPa) to avoid air
being drawn into the system. Additionally, the valve
through which the liquid sample passes has to be
replaced often to avoid leaks. Another limitation is
related to the minimum amount of oxygen that has to
be consumed for accurate measurements (see above),
although this is less of a problem when studying mito-
chondria, because their concentration can be adjusted
to obtain a convenient oxygen-consumption rate.

The major advantages of this system are the easy
application of inhibitors, the quickness of measure-
ments, and the ability to work with isolated mitochon-
dria, algae, cell-suspension cultures or enzymes.

D.The Dual-Inlet System

Figure 1 shows a diagram of the most recent system
developed at the Department of Plant Biology of the
Carnegie Institution of Washington (Gaston et al.,
2003). Unlike the previous two systems, which were
based on a continuous-flow mass spectrometer, this
system is based on dual-inlet mass spectrometry.
The measuring system consists of a 3-mL stainless
steel, closed cuvette from which 200 pL air samples
are sequentially withdrawn and fed into the dual-
inlet mass spectrometer sample bellows. The mass
spectrometer (Finnigan Delta S, Thermo Finnigan
LCC, San Jose, California, USA) simultaneously
measures the m/z 34/32 (**0,/'°0,) and m/z 32/28
(O,/N,) ratios of the sample gas. The sample is ana-
lyzed against standard air. Each measurement consists

of four replicate cycles of each gas sample (cuvette
sample and standard).

The respiration cuvette is equipped with two inlets:
One connected to a 1-mL air-tight syringe, and the
other connected to the mass spectrometer sample
bellows through a 1-m long capillary tube (0.127 mm
inside diameter). The bellow is first pre-evacuated and
fully expanded to its maximum volume (=30 mL).
Then, the vacuum is closed, and the on-off pneu-
matically controlled micro-needle valve (Fig. 1) that
connects the bellow with the cuvette, is opened. The
sample air passes through a liquid N, trap to remove
H,O and CO,, and into the bellows until the pressure
reaches 500 Pa.

Before collection, the air is mixed by agitation
with a gas-tight syringe initially containing 1 mL of
air. Throughout the experiment, this syringe is used
to both mix the air in the cuvette and to maintain the
cuvette at constant pressure. The total time required
for an entire respiration experiment (six data points)
varies between 80 and 120 min, depending on the res-
piration rate of the tissue being studied. Respiration is
measured from the decrease in the O,/N, ratio, while
the isotope fractionation is measured, as described
above, from both O,/N, and "*0/'°O ratios.

The major advantage of this system is its amplified
sensitivity (several-fold better than the systems de-
scribed above), due to the inherent characteristics of
the dual inlet mode, where each measurement is the
average of several analyses (four in this setup) against
a known standard. This sensitivity can be augmented
by increasing the number of replicate cycles of each
sample, as needed. This substantially decreases the
minimum amount of oxygen that needs to be con-
sumed throughout the experiment, from 30% to less
than 5% of the total oxygen available. This improved
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sensitivity allows experiments to be performed using
plant material with slow respiration rates. Another
benefit of this system is its simplicity, which also
diminishes the possibilities for leaks, although they
must still be monitored conscientiously.

E. Off-Line Systems

Recently, several off-line systems have been devel-
oped to measure oxygen-isotope fractionation during
plant respiration (Angert et al., 2001; Nagel et al.,
2001; Noguchi et al., 2001). Despite having been
developed for a similar purpose of collecting samples
off-line, for subsequent analysis at a different location,
the systems have very different designs.

Nagel et al. (2001) developed a sophisticated
off-line system at the School of Life Sciences of the
University of Dundee (Dundee, UK). This system
consists of a large cuvette (approx. 150 mL) that
contains a galvanic oxygen electrode, a thermocouple
and an absolute pressure sensor, all sealed with a rub-
ber lid, within which leaves are placed. The pressure
inside the cuvette is maintained, as the samples are
collected, by use of a rubber balloon filled with a salt
solution (50 g L' NaCl) connected to a reservoir at
atmospheric pressure. The whole system is placed in
a water bath at controlled temperature. Air samples
(10 mL) are extracted using gas-tight syringes, and
transferred into pre-evacuated 10 mL flasks. These
samples can then be sent to an isotope laboratory for
analysis. In the isotope laboratory, the air samples are
extracted into a vacuum line where the condensed
gases are cryogenically removed, and oxygen is
converted to CO, in a granite furnace. This CO, is
then analyzed for 6'%0.

This system has the advantage of an off-line system.
However, there are several problems with this system,
many of which can be resolved. These weaknesses,
already identified in their manuscript (Nagel et al.,
2001), can be summarized as follows: a) the experi-
ments take a long time which increases the chance for
leaks, and may reduce the physiological significance
of the results; b) there is no mixing of air inside the
cuvette; c) there is a chance of contamination of the
gas sample during extraction with the gas-tight sy-
ringe; d) the conversion of oxygen to CO, ina graphite
furnace is an additional complication of the system,
and e) the measurement of oxygen inside the cuvette
has to be compensated using the pressure measured
inside the cuvette. Despite these problems, this system
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is another step towards measuring oxygen-isotope
fractionation in the field.

The system developed by Noguchi et al. (2001)
at Tsukuba University, Tsukuba Ibaraki, Japan is
significantly simpler than the one developed by Na-
gel et al. (2001). The respiration cuvette is similar
to the one described in Robinson et al. (1992). Air
samples (100 uL) are extracted with a gas-tight sy-
ringe through a sample loop, and then collected into
a glass tube, which is torch-sealed, after cryogenic
removal of water and CO,. Subsequently, the glass
tubes containing the air samples are broken inside
a flask, and analyzed using an autosampler, gas
chromatography-mass spectrometry system, with
gas chromatography to separate O, and N,, and a
continuous-flow isotope-ratio mass spectrometer to
obtain the ratio '*O/'°0.

This system has the advantage of being rather
fast, in the order of one hour per experiment, and
allows laboratories to perform experiments even in
the absence of an isotope-ratio mass spectrometer,
since the samples obtained in one laboratory can be
analyzed in another. This opens up the possibility of
samples being routinely processed at a central facility
(for example, on a commercial basis), as is the case
for nitrogen- and carbon-isotopic analyses. The cost
of'this system is fairly low, and the costs of analyses
can also be reasonable. This is certainly another step
forward towards broadening the application of this
technique in studies of plant respiration.

A third off-line system has been developed by
Angert et al. (2001). Although this system was not
specifically developed to study the electron partition-
ing between the cytochrome and alternative respira-
tory pathways, it is a feasible design to apply to these
studies. This system can be arranged as a gas-phase
as well as a liquid-phase system. Samples (4 mL of
air or 100 mL of water) are collected in glass tubes.
These samples are subsequently sent to a laboratory
where the O,/N, ratios and the '*O/!¢O are measured
in an automated sampling system with a continuous-
flow mode. This system has the advantage of allowing
measurements of respiration of intact roots, either in
soil or hydroponics.

The common disadvantages of all these off-line
systems relate to the chance of contamination when
transferring the sample into the flasks, and difficulties
of transporting large numbers of flasks safely.
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IV. Measurements Using the Isotopic Tech-
nique

The development of the oxygen-isotope technique has
permitted its application to several studies of plant
respiration pathways which are briefly summarized
here and are also considered in more detail in the
appropriate chapters herein (Chapter 1, Lambers et
al.; Chapter 7, Atkin et al.; Chapter 13, Gonzalez-
Meler and Taneva). The studies performed since 1989
are summarized in Tables 1-2. Table 1 shows the
discrimination values (end-points) associated with
respiration for a variety of plant tissues, measured
in the presence of KCN (A)) and SHAM (A), as
well as discrimination values (A,) measured during
uninhibited respiration. The partitioning of electrons
to the alternative pathway is shown for those tis-
sues where end-points are available. Table 2 details
experiments where the flux through the alternative
pathway has been measured in response to experi-
mental treatments, including exposure to high or low
light intensity, and low temperatures, in response to
chemicals, and during ontogenetic changes.

Using the first system, Guy et al. (1989) determined
the oxygen-isotope fractionation by the two pathways,
and determined that the cytochrome pathway has a
lower fractionation (18-20%o) than the alternative
pathway (25%o), thus setting the benchmark for
future experiments and developments. The early
experiments concentrated on single determinations
of fractionation during respiration; however, the
development of simpler systems has allowed physi-
ological measurements of fractionation and expanded
our knowledge of the variability of the real fluxes
through both the cytochrome and alternative respira-
tory pathways in plants. The first physiological ap-
plication of this technique was to study the activity
of'the alternative pathway during the de-acidification
of malate in the leaves of the CAM plant Kalanchoé
daigremontiana, and to show that increased alterna-
tive pathway activity could account for all of the
increased respiration during the de-acidification phase
(Robinson et al., 1992). This study was also the first
to show that an intrinsic difference exists between
the discrimination of the alternative pathway in green
versus non-green tissues (Table 1). Discrimination
end-points for the cytochrome pathway (A_) were 18.4
—19.2%0 for almost all tissues measured; however,
the end-point for the alternative pathway (A,) was
almost 5%o higher in green (29.3-31.2%o) than in
non-green tissues (25.6—25.7%o; Table 1; Robinson

et al., 1995). These differences were subsequently
verified by Ribas-Carbo et al. (1995), using mito-
chondria extracted from green and non-green tissues,
thus excluding the possibility that they were caused
by differential diffusion in the various tissues. The
most likely explanation for this difference is that dif-
ferent alternative oxidase proteins are present in the
different tissues (Finnegan et al., 1997; Saisho et al.,
1997). Over a 36-h greening treatment, A, increased
from 27%o to 32%o in soybean cotyledons (Ribas-
Carbo et al., 2000b), corresponding to a change in
AOX gene expression from predominately AOX3 to
AOX2 (Finnegan et al., 1997).

The uniformity of the oxygen-isotope fractionation
values obtained for each pathway under a wide range
of conditions (e.g. reduction status of the ubiquinone
pool, addition of pyruvate and DTT), using different
mitochondrial preparations confirmed the assumption
that these values can be used as standard values for
each pathway in subsequent experiments in which
no inhibitors are added (Ribas-Carbo et al., 1995).
However, these values might be slightly different
between species.

V. Future Directions

The application and development of the oxygen-iso-
tope technique will further improve as the number
of laboratories that apply it increases. Since most
laboratories do not possess an in situ mass spectrom-
eter, the development and improvement of off-line
systems that allow the collection of samples from
laboratories that do not have a mass spectrometer and
the establishment of laboratories prepared to analyze
such samples is very important.

The off-line systems described in this chapter
are clear examples of the potential of such systems.
However, there are several issues that will have to be
considered. The most important is the development
of a leak-free system, in which the experiments are
performed. This system should be easily portable, to
allow measurements outside the laboratory, therefore
economies of size and weight and the ability to operate
without mains power are important. Another critical
point is the collection of contaminant-free samples
into containers that can be shipped safely from the
collection site to the analysis laboratory. A third is-
sue arises from the reliability of the analysis. It will
certainly take time and dedication to design, build, test
and develop systems that are reliable, affordable and
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finally applicable, in the many laboratories worldwide
that are interested in this area of research. However,
it will certainly be worthwhile, since research into
the regulation of electron partitioning is currently
limited by the availability of dedicated laboratory-
based isotope systems, and there are especially severe
restrictions on field research in this area.
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Summary

According to gas exchange measurements, mitochondrial oxygen consumption in the light is always fast, while
respiratory CO, evolution is markedly decreased (compared with rates in darkness). We analyze the metabolic
events that lead to such contrasting responses. In the light, the generation of NADH in mitochondria, both in
the glycine decarboxylase reaction and in the tricarboxylic acid cycle, leads to increased NAD(P)H levels,
which may increase the activity of the rotenone-insensitive NAD(P)H dehydrogenases. The resulting increase
of the reduction level of ubiquinone activates the alternative oxidase. Stabilization of (photo)respiratory flux
during the transition from darkness to light takes place at higher NADH/NAD" and ATP/ADP ratios. Mainte-
nance of fast rates of mitochondrial electron transport in the light is facilitated by the import of oxaloacetate
(OAA) from the cytosol to remove NADH, and by the export of citrate to the cytosol. This reduces the flow
of metabolites in the tricarboxylic acid cycle, decreasing decarboxylation rates, while the rate of oxygen con-

sumption reactions remain fast.

l. Introduction

In darkness, respiration provides for all of the cell’s
requirements for ATP and the metabolic intermedi-
ates needed for growth, maintenance, transport and
nutrient assimilation. However in the light, ATP and
reducing equivalents are formed in the chloroplasts
by photosynthesis and these are used for carbon and
nitrogen assimilation. The resulting products of these
assimilatory reactions are transported to the cytosol
where they are either exported to distant sinks or
respired to produce energy and carbon skeletons
through the operation of glycolysis and the TCA cycle
and the coupled reactions of the electron transfer
chain and oxidative phosphorylation. In C, plants, a
fraction of photosynthetically assimilated carbon is
also unavoidably dissipated through photorespira-
tion, which begins with the oxygenation reaction of
Rubisco. Some of the glycolate formed through pho-
torespiration is converted back to 3-PGA through the
combined activity of the chloroplasts, peroxisomes
and mitochondria, resulting in the photorespiratory
carbon and nitrogen cycles (Gardestrom et al., 2002).
In photorespiration, O, uptake is associated with the
chloroplastic Rubisco and peroxisomal glycolate
oxidase reactions, as well as with the oxidation of a
part of photorespiratory NADH in the mitochondrial
electron transport chain, whereas CO, release is due
to mitochondrial decarboxylation of glycine. In the

Abbreviations: AOX — alternative oxidase; C; — internal CO,;
GDC — glycine decarboxylase complex; GO — glycolate oxi-
dase; ICDH - isocitrate dehydrogenase; OAA — oxaloacetate;
OG —2-oxoglutarate; OPP — oxidative pentose phosphate pathway;
PDC — pyruvate decarboxylase complex; PEP — phosphoenol
pyruvate; PGA — 3-phosphoglycerate; R — respiration; TCA
cycle — tricarboxylic acid cycle; I'" — CO, compensation point

nitrogen cycle, NH, is released in the conversion
of glycine to serine in the mitochondria, and re-as-
similated into the primary amino acids glutamine and
glutamate by the chloroplastic glutamine synthetase-
glutamate synthase (GS-GOGAT) system (Keys et
al., 1978; Bergmann et al., 1981; Wallsgrove et al.,
1987). The cycle is closed when glutamate is used as
the amino donor for the transamination of glyoxylate
to glycine.

Respiratory and photorespiratory processes are
well separated with respect to both carbon inter-
mediates and compartmentation. However, the two
pathways interact in the mitochondria, and the rate
of respiration (often incorrectly referred to as a ‘dark
respiration’) is strongly affected by both photosyn-
thesis and photorespiration. Early isotopic studies
demonstrated that leaves exposed to CO, also
evolved radioactive CO, after long-term illumination
(Zalensky et al., 1955; Doman, 1959; Goldsworthy,
1966), and in recent years the interactions between
photosynthesis, respiration and photorespiration
have become accepted as being major events in pho-
tosynthetic cells (Gardestrom and Lernmark, 1995;
Kromer, 1995; Hoefnagel et al., 1998; Atkin et al.,
2000a, b; Gardestrom et al., 2002; Igamberdiev and
Lea, 2002). However, despite the increasing atten-
tion given to respiration in the light, considerable
confusion has persisted in the literature over whether
or not respiration in the light is slower than in the
dark, and what role the photorespiratory carbon and
nitrogen cycles play in the restriction of respiration
in the light. There are two elements to this confusion.
The first is that O, consumption is likely faster in the
light than in darkness (Atkin et al., 2000b), whereas
respiratory CO, release is likely to be slower in the
light. The second is the extent to which respiratory
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CO, release is suppressed in the light; while many
studies have indicated that mitochondrial CO, release
is slower in the light (Brooks and Farquhar, 1985;
Villar et al., 1994; Parnik and Keerberg, 1995; Atkin
etal., 1997, 2000a), several studies have reported no
inhibition (Loreto et al., 1999; Loreto et al., 2001;
Pinelli and Loreto, 2003) or even faster rates of CO,
release in the light (Hurry et al., 1996). To address
this confusion, in this chapter we discuss how res-
piration proceeds in the light, with an emphasis on
substrate supply, and consider the major events that
regulate mitochondrial function and respiration in
photosynthetic tissues.

Il. Leaf Gas Exchange Components

In the literature, there has been some confusion about
respiratory rates in the light, because there has been
a lack of reference to whether it is the ‘CO, compo-
nent’ or the ‘O, component’ that was considered in
the various studies. To emphasize the differences that
can be observed we have summarized the main gas
fluxes occurring in an illuminated leaf (Fig. 1).

A.The CO, Component

CO, fixation by Rubisco is the dominant CO,-uptake
component. PEP carboxylase also fixes some CO, in
the cytosol, but this is usually less than 5% of that
fixed by Rubisco (Melzer and O’Leary, 1987; Raven
and Farquhar, 1990). Respiration and photorespiration
both release CO, in the mitochondria, and these two
processes are the main pathways for decarboxylations
in the light. Minor gas fluxes associated with the CO,
released by specific biosynthetic reactions, mainly
associated with OPP cycle, fatty-acid and amino-acid
synthesis have not been included. Divided arrows in
Fig. 1 symbolize intra- and intercellular refixation
of respiratory and photorespiratory CO, by Rubisco
(and PEP carboxylase). This flux is likely significant,
but is difficult to quantify with current gas exchange
methods. The total rate of leaf respiratory fluxes
was calculated from PC_ curves, describing the
dependence of the rate of photosynthesis (P) on the
internal concentration of CO, (C,) (Laisk and Oja,
1998). Using a model taking into account stomatal
resistance, together with various gas exchange pa-
rameters, Gerbaud and Andre (1987) calculated that
the actual rate of photorespiratory CO, release in C,
plants could be 20 to 100% faster than the measured
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Fig. 1. Schematic representation of primary leaf gas exchange
processes that take place in an illuminated leaf. Divided arrows
indicate reassimilation.

rate of CO, efflux from the leaf. Furthermore, us-
ing a radio-gasometric method, Pérnik et al. (1976)
calculated that, depending on the stomatal status,
the rate of leaf re-assimilation in C; plants was 10
to 65% of the total rate of decarboxylations (Parnik
and Keerberg, 1995; Pérnik et al., 2002). In C,-C,
intermediate and C, Flaveria species, 85 to 100%
of the CO, was re-assimilated (Bauwe et al., 1987).
Thus, there is considerable re-fixation of internally
evolved CO, in the light, and this needs to be taken
into account when assessing rates of R and photo-
respiration in the light.

B.The O, Component

During photosynthesis, several O,-consuming reac-
tions occur in parallel with O, production by Photo-
system II. Two of these are the reactions related to
photorespiratory O, uptake by Rubisco and glycolate
oxidase. The terminal oxidases in the mitochondrial
electron transport chain, cytochrome oxidase and
alternative oxidase, represent additional O, uptake
components (Fig. 2). Substrates for these oxidases
can be derived from both respiration (TCA cycle
related reactions) and photorespiration (glycine
decarboxylation). Finally, the Mehler-reaction asso-
ciated with PSI results in light-dependent O, uptake
(Robinson, 1988). The quantitative significance
of the Mehler reaction is often regarded as minor,
but it has been proposed to function as a protective
mechanism under high irradiances, and under such
circumstances it may be more important (Osmond
and Grace, 1995). Several approaches have been
used to investigate the degree of mitochondrial O,
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Fig. 2. Schematic representation of the main pathways of carbon metabolism in photosynthetic cells, showing the interactions between
the different organelles and cellular compartments, and highlighting the key gas exchange points. The numbers indicate the various
enzymes catalyzing the gas exchange steps: 1, Rubisco; 2, glycolate oxidase; 3, PEP carboxylase; 4, glycine decarboxylase; 5, pyruvate
dehydrogenase; 6, NAD-malic enzyme; 7, decarboxylation reactions of the TCA cycle—isocitrate dehydrogenase and ketoglutarate
dehydrogenase; 8, terminal oxidases of the mitochondrial electron transport chain—cytochrome oxidase and alternative oxidase.

uptake during photosynthesis. One is to measure
oxygen exchange using mass spectrometry and the
stable '°0 and '*O isotopes. Estimates of respiratory
activity in the light using this technique vary, with
some investigators finding a decrease in the rate of
mitochondrial oxygen uptake, and others do not
(Raghavendraetal., 1994; Atkinetal.,2000b). These
apparent discrepancies in the measured responses
of mitochondria to light may reflect the variability
in carbon supply from photosynthesis, the degree
to which photorespiratory NADH is consumed in
the mitochondria, and the degree to which excess
photosynthetic redox equivalents are exported from
the chloroplast (Atkin et al., 2000b). Mitochondrial
O, uptake is thus likely to exceed that of dark O,
uptake under high-light conditions that favor each
of these components.

lll. Respiratory and Photorespiratory De-
carboxylations in the Light

As described above, the decarboxylation reactions
coupled to respiration are mainly associated with
the TCA cycle and related reactions, whereas the
decarboxylation reactions linked to photorespiration
are due to glycine decarboxylation in the glycolate
pathway. To be able to determine the rate of respiration
in the light these components must be separated.

A. Respiratory Decarboxylations in the Light

Estimates of respiratory decarboxylation in the light,
and thus TCA cycle activity, have been made by sev-
eral groups, by feeding '“C-labeled glycolytic or TCA
cycle substrates in pulse-chase experiments, using
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“CO, (Parnik and Keerberg, 1995) or *CO, (Loreto
etal., 1999; Loreto et al., 2001), and regular gas ex-
change approaches such as the Laisk (1977) and Kok
(1948) methods. A description of these approaches
is given in Atkin et al. (2000b), with recent advances
in the use of “CO,-insensitive infrared gas analyz-
ers being described by Loreto et al. (1999, 2001).
A review of the literature shows that mitochondrial
CO, release continues in the light, but the effect of
light on respiratory flux is variable. In some cases,
respiratory CO, release continues in the light at rates
that are similar (Marsh et al., 1965; Chapman and
Graham, 1974) or even faster (Hurry etal., 1996) than
in darkness. Similarly, in algae and photoautotrophic
cells under low photorespiratory conditions, mass
spectrometric studies using stable '2C/3C isotopes
have shown that light has little effect on respiratory
CO, release (Weger et al., 1988; Turpin et al., 1990;
Avelange etal., 1991). In contrast, substantial inhibi-
tion of respiratory CO, release in the light has been
reported under conditions that favor photorespira-
tion (low internal CO, concentrations and/or high
temperatures). This includes numerous studies using
the Kok (1948) and Laisk (1977) methods (Brooks
and Farquhar, 1985; Kirschbaum and Farquhar, 1987;
Villar et al., 1994, 1995; Atkin et al., 1997, 1998ab,
2000a). Moreover, using a '“C-labeling technique
that takes into account re-fixation of respiratory CO,
by Rubisco, Parnik and Keerberg (1995) demon-
strated that respiration (R) is lower in the light than
in darkness in several species. Light inhibited leaf
R by 14, 46 and 55% in wheat (Triticum aestivum),
tobacco (Nicotiana tobacum) and barley (Hordeum
vulgare), respectively (Parnik and Keerberg, 1995).
Previous experiments using '*CO, confirm that R is
inhibited by light in wheat (McCashin et al., 1988).
In contrast, using the "“C method, Hurry et al. (1996)
found R was stimulated in the light in winter rye
(Secale cereale), showing that R is not repressed in
the light in all species under photorespiratory condi-
tions. Moreover, although Loreto et al. (1999, 2001)
found R to be lower in the light than in the dark, the
difference in rates appeared to reflect re-fixation of
respiratory CO, by Rubisco in the light, rather than
actual light inhibition of respiratory flux. However,
Loreto et al. (2001) did find that light suppresses
leaf R per se in salt- and water-stressed Zea mays
leaves. Thus, the response of leaf R to irradiance is
highly variable among plant species, and is affected
by environmental conditions.

47
B. Photorespiratory Decarboxylations

Rubisco ultimately determines the input of carbon into
the glycolate pathway. The flux of carbon through the
photorespiratory glycolate cycle has been experimen-
tally determined to be in the range of 15 to 30% of
the rate of photosynthetic CO, fixation (Keerberg and
Viil, 1988; Keerberg et al., 1989). As photorespiration
isas dynamic a process as photosynthesis, the rate can
be modulated by changing the light intensity, lower-
ing the internal CO,/O, concentrations or changing
the leaf temperature (Ogren, 1984). These conditions
also modulate CO, fixation, leading to changes in
the production of primary photosynthates. Using the
radiogasometric method, it has been demonstrated
that photorespiratory decarboxylations in leaves of
wheat, tobacco and barley account for 80-90% of
total decarboxylations in normal air and at saturat-
ing irradiances (Parnik and Keerberg, 1995). Simi-
larly, estimations using the CO,-compensation point
method also show that photorespiration is three to five
times faster than respiratory rates in aspen (Populus
tremula) leaves (Laisk, 1977) and eight to nine times
in cotton (Gossypium hirsutum) leaves (Rasulov and
Oja, 1982). In C, species, photorespiration is thus the
prevailing component of the total decarboxylations
in the light under normal physiological conditions.
However, there is no fixed ratio between photorespi-
ratory and respiratory rates of decarboxylation. For
example, during leaf development in cotton plants,
both photorespiration and respiration decreased per
unit leaf area, and the ratio remains unchanged (Ra-
sulov et al., 1983). However, following the removal
of sink organs, leaves of cotton plants showed an
increase only of the respiratory component, with a
concomitant decrease in the photorespiration/respira-
tion ratio (Rasulov, 1986). Similarly, in barley leaves
measured at 26, 13 and 7 °C, lowering the temperature
resulted in a decrease in the rate of photorespiration
(2.3,0.9and 0.5 umol CO, ms™!, respectively), with
aconcomitant increase of respiration in the light [0.3,
1.0 and 1.2 pmol CO, m? s, respectively (Parnik
and Keerberg, 1995)], again resulting in a decrease
in the ratio of photorespiration to respiration. Fur-
thermore, in transgenic potato (Solanum tuberosum)
with reduced glycine decarboxylase, slower rates of
photorespiration were compensated by faster rates
of respiration, resulting in total decarboxylations
being equal to those in wild-type plants (Keerberg
etal., 1999). These data indicate that in the light the
cellular requirements for ATP, reducing equivalents
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and carbon skeletons are met by both photorespiration
and respiration. Together, they function to balance the
needs of the cell depending on the environmental and
developmental condition of the plant, and can respond
plastically to varying metabolic demands.

C. Estimates of Respiratory Decarboxylation
in the Light Using Different Methods

A factor that can contribute to the variable effects of
light on leaf respiration are the different methodolo-
gies used to estimate respiratory CO, release in the
light. Differences in steady-state conditions during
measurements (e.g., at ambient or low atmospheric
CO, concentrations) and whether or not re-fixation
of respiratory CO, by Rubisco is taken into account
could affect estimates of how much respiratory CO,
isreleased into the atmosphere by leaves in the light.
Here we compare two methods (Laisk, 1977; Parnik
and Keerberg, 1995) to assess whether variation in
the degree of inhibition in the light reflects method-
ological differences. We begin by briefly describing
the two methods, and then show data comparing rates
of respiratory CO, release in the light obtained using
the two methods.

The radiogasometric method (Pérnik and Keer-
berg, 1995) provides estimates of mitochondrial
CO, release in the light under ambient atmospheric
conditions (e.g., 360 uL L' CO, and 21% O,). This
method distinguishes the substrates (primary or stored
photosynthates) for, and the rates of, photorespira-
tory and respiratory carbon fluxes on the basis of
different labeling kinetics in leaves exposed to “CO,
and different concentrations of oxygen. Re-fixation
of respiratory CO, by Rubisco is accounted for by
recording the initial rate of '*CO, efflux after “CO,-
labeled leaves are transferred to a very high (30 mL
L") 2CO, concentration. This results in a reduced
probability of the re-fixation of labeled '“CO,, allow-
ing the “CO, released by mitochondrial respiration
to be measured accurately. As a result, actual rates
of mitochondrial non-photorespiratory CO, release
are determined, rather than just the rate of respiratory
CO, release from the leaf surface into the surround-
ing atmosphere (which might be substantially less
than the actual rate of mitochondrial CO, release if
substantial re-fixation is taking place). The method
assumes that respiration in the light is not affected by
decreasing the concentration of O, from 21 to 1.5%,
which appears reasonable considering the affinity of
the oxidases involved.

The Laisk method (Laisk, 1977) analyzes the rate
of net CO, exchange at low internal CO, concentra-
tions (c,) and varying irradiances. Net CO, exchange
is related to leaf R in the light (R;,) according to
A =v,—0.5v,— R, where v, and 0.5v, are the
rates of carboxylation and oxygenation of Rubisco,
respectively. At a low ¢, value (T"; typically around
40 uL L' for leaves measured at 25°C), CO, fixed
by Rubisco is matched by the CO, that is released
by glycine decarboxylation (i.e. v, = 0.5v, ), resulting
in net CO, exchange being equal to R;,. The Laisk
method assumes that R, is the same at " as it is
at 360 pL L' CO,. Although earlier studies sug-
gested that mitochondrial respiration was inhibited
by elevated concentrations of CO,, and was there-
fore higher at low CO, concentrations (Drake et al.,
1999), several recent studies have demonstrated that
mitochondrial respiration is largely CO, insensitive
(Amthor, 2000; Jahnke, 2001; Bruhn et al., 2002;
Chapter 13, Gonzalez-Meler and Taneva). It seems
likely, therefore, that the assumption that R, ,, is the
same at I'" as it is at 360 uL L' CO,, is correct. The
method also assumes that R, ,, is not substrate limited
during prolonged exposure to low c; values; Atkin et
al. (1998a) used arapid gas exchange system to show
that this assumption is valid.

Care must be taken, however, when using many
of the commercially available clamp-on leaf cham-
bers (e.g., Licor 6400 and Parkinson chambers) to
determine R, at I'" as CO, can diffuse through the
gasket material that seals the leaf from the surround-
ing atmosphere (Bruhn et al., 2002). When CO,
concentrations in the chamber are low (e.g., close to
I'") substantial inward diffusion of CO, from the sur-
rounding atmosphere into the chamber is likely; this
can result in substantial overestimates of respiratory
CO, release by leaves (Fig. 3). Inward diffusion of
respiratory CO, from darkened leaf material under
the gasket into the chamber will also likely result in
over-estimates of respiratory CO, release (Pons and
Welschen, 2002), particularly in chambers where
the area under the gasket is high in comparison with
the area inside the cuvette. For example, in the Licor
6400 the gasket area (7.45 cm?) is greater than the
area inside the chamber (6 cm?). We recently assessed
the impact of gasket diffusion and inward diffusion of
CO, from leaf material under the Licor 6400 gasket
(using the 6 cm? chamber) on measured rates of leaf
respiration in Plantago lanceolata (Joana Zaragoza
Castells, Olav Keerberg, Tiit Parnik and Owen Atkin,
unpublished data). In addition to substantial gasket
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Fig. 3. Diagrammatic illustration of how CO, diffuses from the
surrounding atmosphere into the chamber of many commercial
gas analyzer systems (whenever the CO, concentration in the
atmosphere is substantially higher than that within the chamber)
and how CO, released from respiration by leaf material under the
gasket can diffuse inward into the cuvette. Both factors result in
the measured rate of CO, release (either in the light or dark) be-
ing an overestimate of the actual rate of respiration taking place
within the chamber itself.

diffusion when CO, concentrations in the chamber
were lower than that of the surrounding atmosphere
(Fig. 3), approximately 45% of the CO, released by
leaves under the gasket entered the chamber. To as-
sess the impact of both factors on estimated rates of
leaf respiration in the light, we corrected the rates
of net CO, exchange in the light measured at several
internal CO, concentrations. These data show that
correction for CO, diffusion through the gasket from
the atmosphere and inward diffusion of respired CO,
from leaf material under the gasket increased net CO,
release at low internal CO, concentrations (Fig. 4),
and thus decreased estimates of leaf respiration in the
light (Fig. 5). From these experiments, the estimates
of leaf respiration in the light were nearly two-fold
lower following correction for CO, diffusion under
the gasket compared with estimates that are not cor-
rected for diffusion, and the correction substantially
increased the apparent inhibition of leaf respiratory
CO, release (Fig. 5).

To assess whether the estimates of leaf respiratory
CO, release in the light [obtained using a Licor 6400
system and Laisk (1977) method] were accurate, we
compared the corrected rates with respiration rates
in the light measured using the radiogasometric
method (Parnik and Keerberg, 1995). The corrected
rates of respiration were similar to those obtained
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Fig. 4. Plot of net CO, exchange in the light versus internal CO,
concentration for uncorrected (open symbols) and corrected
(closed symbols) data. In this example, corrections were made for
diffusion of CO, through the gasket of a Licor 6400 leaf chamber
and for inward diffusion of CO, released by respiration taking place
under the gasket. Rates of leaf respiration in the light are taken
as the rate of net CO, release at I'" (approximately 40 pL L™ in
this case). Data are from a single Plantago lanceolata leaf (Joana
Zaragoza-Castells and Owen Atkin, unpublished).

using the radiogasometric method (Fig. 5). Given
that the latter method takes into account re-fixation
of CO, and measures respiratory CO, release under
ambient CO, conditions (rather than at I'"), it seems
likely that accurate estimates of mitochondrial CO,
release can be obtained using the Laisk method (Laisk,
1977), provided corrections for CO, diffusion from
the atmosphere and from the darkened portions of
the leaf under the gasket are made. However, failure
to correct for CO, diffusion under the gasket will
result in substantial overestimates of leaf respiratory
CO, release in the light. Such errors could be even
more substantial at high temperatures, where rates
of respiration in darkness under the gasket are high
(and thus contribution of inward diffusion of gasket
respiratory CO, is high), but where actual rates of
respiration in the light are relatively slow (due to the
greater inhibition of respiration that occurs at high
temperatures (Atkin et al., 2000a)).

IV. Availability of Substrates for Cellular
Decarboxylations
A. Respiratory Decarboxylations

The substrates for respiratory decarboxylations are
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supplied by glycolysis, either from the products of
sucrose and starch breakdown or by diverting primary
photosynthetic products such as triose phosphates
directly to respiration (Fig. 2). Depending on tissue
type and developmental stage, other carbohydrates,
organic acids, seed lipids, and protein could also
contribute to respiratory carbon flow.

The involvement of primary photosynthates in
respiration in the light was shown in radio-labeling
experiments where leaves were exposed to '“CO, for
different intervals, and kinetics of '“C incorporation
into various compounds was analyzed (Ivanova et
al., 1993; Keerberg et al., 1999). In different plant
species, 25-80% of respiratory substrates are derived
from primary photosynthates (Péarnik et al., 2002).
However, respiratory decarboxylations of stored
photosynthates are suppressed in the light, and this
suppression is most severe in starch-accumulating
species (e.g., Arabidopsis and tobacco) where utiliza-
tion of stored photosynthates is 4- to 14-fold lower
in the light than in darkness, and to a lesser extent in
sucrose-accumulating cereals (e.g., wheat, barley and
winter rye), where utilization of stored photosynthates
is only about 2-fold lower in the light than in darkness
(Parnik et al., 2002). These findings suggest that the
consumption of starch in respiratory decarboxylations
might be inhibited in the light. This conclusion was
checked experimentally using Arabidopsis, where the

catabolism of labeled photosynthates was followed
in the light and in the dark (Keerberg et al., 2001). It
was found that the degradation of starch was blocked
in the light (600 umol m™ s™') and the only stored
substrate pools that were available as substrates for
respiratory decarboxylations in the light were soluble
compounds, mainly sucrose. Suppression of starch
degradation in the light has also been observed in
leaves of pea (Pisum sativum) (Kruger et al., 1983),
sugar beet (Beta vulgaris) (Fox and Geiger, 1984) and
in anaerobic cultures of Chlamydomonas reinhardtii
(Gfeller and Gibbs, 1984). Inhibition was not ob-
served in sugar beet leaves under low concentrations
of CO, (Fox and Geiger, 1984), in Chlorella cells at
high temperatures (Nakamura and Miyachi, 1982)
or in tobacco transformants with repressed triose
phosphate translocator (Hausler et al., 1998). How-
ever, no respiration measurements were performed
in these studies. The mechanisms of light regulation
of starch metabolism are not known but inhibition of
starch degradation in the light appears to depend on
several environmental and endogenous factors, and
it may be that the degradation of starch takes place
only when the rate of photosynthesis drops below
some threshold value (Fondy et al., 1989). The net
result of this difference in starch- vs. sucrose-ac-
cumulating plants is that in sucrose-accumulating
species such as the cereals, the total rate of respiratory
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decarboxylations (primary + stored photosynthates)
in the light is similar to or even higher than in dark-
ness, while in leaves of starch-accumulating species
such as Arabidopsis and tobacco, total respiratory
decarboxylation is generally lower in the light.

B. Photorespiratory Decarboxylations

It is generally agreed that photorespiratory glycine is
the main substrate for leaf mitochondria in the light
(Krémer, 1995). The amount of glycine available to
the mitochondria is determined by the rate of the oxy-
genation reaction in the chloroplast stroma. The rate
of glycine decarboxylation, calculated from the rate
of carbon flux through the glycolate cycle, correlates
with the rate of photorespiratory decarboxylations of
newly fixed products of photosynthesis (Kumaras-
inghe et al., 1977; Keerberg et al., 1989; Ivanova et
al., 1993). However, substrates for photorespiratory
decarboxylations could also be derived from stored
products of photosynthesis (Goldsworthy, 1970).
After incubating illuminated leaves with labeled CO,,
photorespiratory “CO, efflux into CO,-free medium
continued for along time after the '“CO, was removed
(Laisk, 1977). Mahon et al. (1974) also noted that
after a 15 min exposure of sunflower (Helianthus
annuus) leaves to *CO, the specific radioactivity of
PGA, glycine and serine was significantly lower than
the specific radioactivity of the '*CO, originally fed
to the leaves. This indicated a flow of carbon into
the reductive pentose phosphate cycle from some
unlabeled source. Using the method of Parnik and
Keerberg (1995) it has been shown that in several
species 18 to 27% of the substrates for the oxygen-
ase reaction (or photorespiratory decarboxylations)
are derived from stored photosynthates (Hurry et
al., 1996). Yamauchi and Yamada (1985) have also
shown that glycolate can be synthesized from storage
material at high O,/CO, ratios. At low concentrations
of CO,, near to the CO, compensation point where
most of gasometric measurements of respiration are
performed, the substrates for photorespiration must
be primarily derived from stored photosynthates (the
contribution of primary photosynthates must be low
when the net photosynthetic rate is close to zero).

V. Metabolic Fluxes in Plant Mitochondria
in the Light

For an analysis of the mechanisms causing the re-
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ported gas exchange rates, we will turn to a description
of'the actual metabolic fluxes through mitochondria in
the light. This will allow us to estimate the biochemi-
cal background of the O, and CO, components of gas
exchange in the light, and to explain the observed
light effects on respiration.

A. Estimation of Carbon Fluxes in vivo

In the absence of photorespiration, at saturating
light and high temperature (30 °C), photosynthetic
rates can reach a maximum of around 7 umol (O,
evolved) mg™! (Chl) min™' (calculated from Edwards
and Walker (1983)). At 25 °C, photosynthetic rates
can be as high as 5 pmol O, mg™' (Chl) min™". The
rate of respiration in darkness during the post-illu-
mination period (which is 2-2.5 times faster than in
prolonged darkness) is about ten times slower than
the photosynthetic rate (Byrd et al., 1992). Thus,
at 25 °C respiration can be as high as 0.5 umol O,
consumed mg™' (Chl) min™!, and in prolonged dark-
ness near 0.2 pmol (O, consumed) mg™' (Chl) min™".
Taking the mitochondrial volume to be 4 pl mg~' Chl
[determined to be approximately the same for barley,
spinach (Spinacia oleracea) and potato (Winter et al.,
1993, 1994)], we can calculate maximal respiratory
rates of 120 nmol (O, consumed) mg' (mitochon-
drial protein) min' after illumination, and near 50
nmol (O, consumed) mg™' (mitochondrial protein)
min"' during prolonged darkness. The latter value
corresponds to the maximum capacity of isocitrate
oxidation, the bottleneck in the TCA cycle (Day and
Wiskich, 1977).

The rate of photorespiration depends on the CO,
concentration near the sites of carboxylation. Even
at atmospheric CO, levels of 370 uL L' the pCO, is
around 260 pL L' in the sub-stomatal cavities and
180 uL L-"near Rubisco (von Caemmerer and Evans,
1991), and may be as low 90 uL. L' during drought
or in xeromorphic plants (Di Marco et al., 1990).
The pO, in the interior of C, leaves is practically
constant (corresponding to atmospheric pO,), both
in the dark and during illumination, due to effective
ventilation (Ligeza et al., 1997). Calculations of the
ratio of oxygenation to carboxylation of ribulose-1,5-
bisphosphate (V,/V ) and of the rate of photorespira-
tion, based on the O,/CO, ratio in the air, suggests
that the photorespiratory rate is about 20-25% the
rate of carboxylation at 370-300 uL L' CO, (Shar-
key, 1988). This value is in good agreement with the
experimental estimations of 15-30% (Keerberg and
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Viil, 1988; Keerberg et al., 1989), increasing up to
50% during CO, depletion (e.g., glacial CO, levels
or following stomatal closure due to water stress).
The latter value corresponds to a rate of 1200 nmol
(CO, evolved) mg™' (mitochondrial protein) min' or
600 nmol O, consumed mg™' (mitochondrial protein)
min~! by the glycine decarboxylase reaction (assum-
ing thatall NADH is oxidized in the electron transport
chain). The glycine decarboxylase complex (GDC)
accounts for approximately 50% of the total protein
found in the matrix of leaf mitochondria (Day et al.,
1985; Oliver, 1994), and inhibition of GDC by as
little as 30-50% leads to the accumulation of glycine,
increased susceptibility to water stress, and to formate
accumulation (Wingler et al., 1999a; Wingler et al.,
1999b; Heineke etal., 2001). These data indicate that
the GDC operates at sub-saturating substrate levels
at current atmospheric concentrations of CO,, and
that the amount of GDC protein is close to a pos-
sible maximum in order to support a very fast rate
of photorespiratory flux.

B. Compatrison to the Rates in Isolated
Mitochondria

The rates for oxidation of glycine in isolated mi-
tochondria are usually in the range of 200 nmol
(O, consumed) mg™' (mitochondrial protein) min™',
and for isocitrate, they are not more than 50 nmol
(O, consumed) mg™ (mitochondrial protein) min™
(Wiskich and Dry, 1985; Bykova et al., 1998). In
the presence of malate, the rate of glycine oxidation
increases to 500600 nmol (O, consumed) mg! (mi-
tochondrial protein) min™' (Wiskich and Dry, 1985;
Bykova et al., 1998), so it is close to the maximal
possible photorespiratory fluxes in vivo. As yet, there
is no clear explanation for the activation of glycine
oxidation by malate; however, OAA formation dur-
ing malate oxidation may recycle NADH formed in
the GDC reaction, and facilitate NADH oxidation in
the mitochondrial electron transport chain (Wiskich
and Dry, 1985).

VI. Change of Mitochondrial Electron
Transport in the Light

At low rates of mitochondrial NADH production
(usually in unstressed non-photosynthetic tissues)
complex I is the major NADH dehydrogenase, and
the cytochrome pathway fulfils the energetic de-

mands of the cell. In the light, when ATP is formed
photosynthetically in the chloroplasts, the role of the
mitochondria changes, and the production of carbon
skeletons and cellular redox regulation becomes more
important (Gardestrom et al., 2002). To some extent
this is supported by a high flux of electrons through
the mitochondrial electron transport chain, supported
by the operation of pathways that are not coupled to
ATP synthesis. These pathways include the rotenone-
resistant NADH and NADPH dehydrogenases, and
the cyanide-insensitive alternative oxidase.

A. NAD(P)H Dehydrogenases on the Mito-
chondrial Membranes

Three NAD(P)H dehydrogenases on the inner side
ofthe inner mitochondrial membrane are responsible
for the oxidation of the reducing equivalents formed
in the mitochondrial matrix. The Km for NAD(P)H
of complex I is about 7 uM, the Km of the rotenone-
resistant NADH dehydrogenase is 80 uM, and the
Km of the NADPH dehydrogenase (which is Ca**-
dependent) is 25 pM (Mpller, 2001). There are also
two external dehydrogenases, one NADH and the
other NADPH dependent, on the inner mitochondrial
membrane; both are Ca®*-dependent. The NADH
dehydrogenase on the outer mitochondrial membrane
may also be connected to the electron transport chain
of mitochondria (Meller and Lin, 1986). The conclu-
sion that there are separate dehydrogenases specific
for NADH or NADPH, with different membrane
localization, is based on currently available kinetic
data (Melo et al., 1996; Bykova and Moller, 2001;
Moiller, 2001).

B. Consequences of the NADH Produced
from Glycine Oxidation

Plant mitochondria contain a pool of NAD(H) of
around 1.5-2 mM, and a much smaller pool of
NADP(H) of around 0.15-0.2 mM (Igamberdiev et
al., 2001). In darkness, and during photosynthesis at
high pCO,, the NAD(H) pool is highly oxidized with
an NADH/NAD" ratio of around 0.05. Based on esti-
mations of metabolic fluxes, during photorespiratory
glycine oxidation, NADH will be produced at rates
that are several-fold higher than could be produced by
the TCA cycle alone. Consequently, the NADH/NAD
ratio in mitochondria increases from around 0.05
to 0.2—0.3 in photorespiratory conditions (Wigge
et al., 1993; Igamberdiev and Gardestrom, 2003).
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This increase in the NADH/NAD ratio corresponds
to a total NADH concentration of around 0.4 mM in
photorespiratory conditions, compared to 0.15 mM
innon-photorespiratory conditions (Igamberdiev and
Gardestréom, 2003). Such concentrations of NADH
would inhibit GDC, which has a Ki for NADH of 15
UM (Oliver, 1994). However, the actual concentration
of free NADH will be lower than this, especially in
green tissue where the GDC concentration is about
0.2 mM, because the GDC will bind the majority
of the available NADH (Maoller, 2001). Even so,
measurements of an increased total NADH content
in mitochondria in photorespiratory conditions, rela-
tive to darkness and non-photorespiratory conditions,
would reflect a higher redox state of the mitochondrial
NAD(H) pool.

The NADH generated in photorespiratory condi-
tions has important consequences for the metabolism
of photosynthetic cells. As pointed out above, the
redox state of the mitochondrial NAD(H) pool is
increased, which will result in the engagement of the
rotenone-insensitive NADH dehydrogenase (Igam-
berdievetal., 1997; Bykovaetal., 1998). Under maxi-
mal rates of glycine plus malate oxidation in isolated
pea leaf mitochondria, complex I was responsible for
the oxidation of almost 50% of the internal NAD(P)H,
with the rotenone-insensitive NADH dehydrogenase
and the NADPH dehydrogenase (which can reach
near 15% of complex I activity) accounting for the
remaining activity (Bykova et al., 1998). Thus, the
induction/activation of the non-coupled pathways of
electron transport in the light prevents the depletion of
ADP and NAD(P)" which is necessary for the turnover
of metabolic cycles (Igamberdiev, 1999; [gamberdiev
and Kleczkowski, 2003). It also minimizes the risk
that the levels of reduced pyridine nucleotides, re-
duced ubiquinone and the ATP/ADP ratio increase to
the point that they are harmful to cellular metabolism
(Purvis, 1997; Maxwell et al., 1999).

Another important consequence of the increas-
ing NADH level in the light is its connection to an
increase in the reduction level of NADPH. In dark-
ness, the NADP(H) pool of pea leaf protoplasts is
about 20% reduced which increases to about 50%
in the light during non-photorespiratory conditions,
and to about 75% in photorespiratory conditions
(Igamberdiev and Gardestrom, 2003). This increase
can be achieved via trans-hydrogenation between
NADH and NADP* (Bykova and Moller, 2001).
Plant mitochondria lack a proton-translocating
transhydrogenase (Bykova et al., 1998), but possess
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two non-energy-linked transhydrogenase activities,
one belonging to a side reaction of complex I, and
the other to a soluble (possibly weakly attached to
the membrane) transhydrogenase-like enzyme. The
high mitochondrial NADPH level will lead to the
engagement of the internal NADPH dehydrogenase,
as shown in experiments that revealed the involve-
ment of an internal NADPH dehydrogenase during
glycine oxidation (Bykova and Meller, 2001). The
increased NADPH levels inside mitochondria under
photorespiratory conditions will facilitate the reduc-
tion of glutathione, activate the alternative oxidase
(possibly via a thioredoxin system), and also result
in isocitrate oxidation (see below and Fig. 6).

Interestingly, studies of gene expression of com-
plex I and two homologues of bacterial and yeast
NADH dehydrogenases in potato leaves have shown
that expression of the internal rotenone-insensitive
NADH-dehydrogenase is completely light dependent,
and shows a diurnal rthythm with a sharp maximum
just after dawn (Svensson and Rasmusson, 2001;
Mpiller, 2002; Michalecka et al., 2003). However, the
importance of this finding for the in vivo activity of
the complexes needs to be established. Despite the
involvement of non-phosphorylating bypasses, the
mitochondrial ATP/ADP ratio increases in the light
under photorespiratory conditions, and this increase is
directly coupled to the oxidation of photorespiratory
glycine (Gardestrom and Wigge, 1988). Furthermore,
many enzymes participating in the TCA cycle can be
phosphorylated, including aconitase, succinyl-CoA
ligase, NAD-isocitrate dehydrogenase, NAD-malic
enzyme, and two subunits of malate dehydrogenase
as well as several complexes of the mitochondrial
electron transport chain (Bykova et al., 2003). This
represents a potentially very important mechanism for
regulating the activity of the TCA cycle, but it is not
yet clear how phosphorylation is linked to regulation
of the activity of these proteins.

C.The Role of Alternative Oxidase

Electron transport to the alternative oxidase is not
coupled to ATP production, resulting in a very flexible
coupling between electron transport and oxidative
phosphorylation. For a long time the alternative oxi-
dase was regarded as a more or less passive overflow
mechanism. Recent progress in understanding the
regulation of the alternative oxidase has changed this
view (Ribas-Carbo et al., 1997, 2000). It is now clear
that the alternative oxidase can play a very significant
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role in the coupling between electron transport and ox-
idative phosphorylation, and thus for the energy- and
redox-balance in the cell. During photorespiration,
NADH/NAD and NADPH/NADP ratios increase
nearly three-fold (Wigge et al., 1993; Igamberdiev et
al., 2001; Igamberdiev and Gardestrom, 2003). The
increased NADPH can activate AOX viareduction of
adisulfide bond, probably via the thioredoxin system.
The reduced form may then be activated by pyruvate,
which can increase in the light due to inhibition of the
mitochondrial PDC (see below and Fig. 6). Citrate
also accumulates in the light, and this leads to the

activation of AOX gene expression (Vanlerberghe
et al.,, 1995; Vanlerberghe and McIntosh, 1996).
Cytochrome oxidase is inhibited by an increase in
the ATP/ADP ratio, and under these conditions the
engagement of AOX significantly increases. Thus, it
is likely that AOX is in a more activated state in the
light than in the dark, particularly in photorespira-
tory conditions. In support of this, direct evidence
for the involvement of the AOX during respiration
in the light has been obtained using oxygen-isotope-
fractionation techniques (Ribas-Carbo et al., 1997,
2000) and by data showing that phytochrome may
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play a role in altering electron partitioning between
the cytochrome and alternative pathways (M. Ribas-
Carbo, unpublished).

VIIl. Operation of the Tricarboxylic Acid
(TCA) Cycle in the Light

The increase in the reduction level of NADH/NAD
and NADPH/NADP and an increased ATP/ADP
ratio in mitochondria in the light have important
consequences for the operation of the TCA cycle.
As we set out below, the TCA cycle is reorganized
in the light so that it changes from being the main
source of energy in the cell to become a flexible
mechanism that enables the cell to sustain the pho-
tosynthetic process, both through the production of
carbon skeletons and by contributing to the redox
homeostasis of the cell.

A. Inhibition of the Pyruvate Dehydrogenase
Complex in the Light

An important step for regulation of the TCA cycle is
the entry of carbon via PDC. This enzyme complex
is subject to regulation by metabolites linked to
photorespiration. The amount of PDC is also devel-
opmentally regulated, with a high activity in young
developing leaves, and lower activity in mature leaves
(Luethy etal., 2001). The mechanisms for regulation
are both allosteric and via reversible phosphorylation,
where the activity is decreased by phosphorylation
(Tovar-Méndez et al., 2003). The phosphorylation
level is modulated by the relative activities of a
specific kinase/phosphatase pair, where the kinase
activity is stimulated by ammonium and ATP. PDC
activity is allosterically inhibited by NADH and ace-
tyl-CoA. Thus, high concentrations of ATP, NADH
and ammonium which result from photorespiratory
reactions, tend to inhibit PDC. Increased content of
these metabolites can thus result in a limitation of
carbon flux into the TCA cycle in the light. How-
ever, the enzyme is also stimulated by pyruvate,
which acts as inhibitor of PDC kinase. Steady state
mtPDC activity has been reported to decrease in the
light in pea leaves (Budde and Randall, 1990), and
photorespiratory inhibitors abolished this light-de-
pendent decrease, suggesting that photorespiratory
metabolism was responsible (Gemel and Randall,
1992). On the other hand, in a study with barley leaf
protoplasts, Kromer et al. (1993) observed no change
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in the activation state for PDC in darkness and in the
light under photorespiratory and non-photorespira-
tory conditions. The in vivo activity in the light will
therefore depend on the balance between stimulating
and inhibitory factors.

B. Partial Tricarboxylic Acid (TCA) Cycle in
the Light

The possibility that a partial TCA cycle may operate
in the light to supply carbon skeletons for biosynthetic
purposes has been discussed on several occasions
(Chen and Gadal, 1990; Hanning and Heldt, 1993).
One point of debate has been over which compound
was the most likely to be exported from mitochon-
dria to the cytosol in such circumstances. Citrate
has been suggested as the most likely candidate, in
preference to 2-oxoglutarate (OG). Inisolated pea leaf
mitochondria citrate export was more than ten times
faster than the export of OG during oxidation of OAA
and nearly two-fold faster for spinach mitochondria
(Hanning and Heldt, 1993). Recent measurements of
subcellular pyridine nucleotide redox status, and the
kinetic properties of the key enzymes involved, also
support the conclusion that citrate is the exported
species (Igamberdiev and Gardestrom, 2003).

In darkness, when both the mitochondrial NADP-
and NAD- pools are oxidized, both isocitrate dehy-
drogenases will operate in the forward direction, and
the partitioning of metabolic flux between them will
depend on the concentration of isocitrate. During
photosynthesis, in non-photorespiratory conditions,
NAD-ICDH will retain some ability to oxidize isoci-
trate because the reduction level in the mitochondria
is not too high. In these conditions, if mitochondrial
concentrations of isocitrate and OG are in the same
range, the mitochondrial NADP-ICDH will be near
equilibrium between the forward and reverse reac-
tions, because of the similar levels of NADP* and
NADPH. In photorespiratory conditions, when the
NADH/NAD and NADPH/NADP ratios are high,
only the reverse reaction of NADP-ICDH may take
place and NAD-ICDH is inhibited.

The partial TCA cycle is important for maintain-
ing the OG concentration necessary for glutamate
biosynthesis. The glutamate formed is readily trans-
aminated, with the formation of other amino acids
and the release of OG. Thus, flux through the TCA
cycle in the light is necessary to provide OG for net
nitrogen assimilation. PDC and isocitrate oxidation
will be important steps for the control of this flux. It
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should be noted that refixation of photorespiratory
ammonia proceeds without net input of OG. The OG
needed for this will be recycled by transamination in
the peroxisomes, linked to the glycolate cycle. Citrate
export from mitochondria may also be important for
maintaining the cytosolic NADPH/NADP ratio in the
light (see Fig. 7).

The TCA cycle can fulfill several functions, most
commonly considered are to supply reducing equiva-
lents for oxidative phosphorylation and carbon skele-
tons for biosynthetic reactions. Although not absolute,
it is reasonable to assume that a complete TCA cycle
will be more important in darkness than in the light
to support oxidative phosphorylation. However in the
light, a partial TCA cycle might dominate to supply
carbon skeletons and to maintain redox homeostasis,
while oxidation of photorespiratory glycine may take
over the role to support electron transport for ATP
formation. In the extreme case, the difference be-
tween darkness and light might also include a switch
between inactive and active PEP carboxylase. This is
supported by evidence that the enzyme is more active
in the light (Krémer et al., 1996).

The importance of the ICDH enzymes in switch-
ing between a complete TCA cycle and a partial
TCA cycle is shown in Fig. 7. Two extreme cases
are considered: (1) a partial TCA cycle with PEP
carboxylase serving the role as terminal glycolytic
enzyme and export of citrate from mitochondria
with OG formed in the cytosol, and (2) a complete
TCA cycle involving pyruvate kinase and assumed
to prevail in darkness.

(1) In the PEP carboxylase reaction, OAA is
formed in the cytosol and enters the mitochondria in
exchange for citrate via the citrate/OAA transporter
or a separate tricarboxylate uniporter (Picault et al.,
2002; De Palma et al., 2003). The OAA in mito-
chondria is either reduced to malate, or converted to
citrate via condensation with acetyl-CoA. The latter
is formed from pyruvate by the pyruvate dehydroge-
nase complex. The pyruvate is a product of malate
decarboxylation by NAD-malic enzyme, which is
relatively insensitive to high reduction levels of the
pyridine nucleotides (Pascal et al., 1990). At high
reduction levels in the mitochondria, particularly
during active glycine oxidation, NAD-ICDH is in-
hibited and mNADP-ICDH operates in the reverse
direction. Under these conditions, citrate is exported
to the cytosol, where it is converted by the cytosolic
aconitase and NADP-isocitrate dehydrogenase to
2-oxoglutarate (OG). The stoichiometry of one OG
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molecule formation from two molecules of PEP can
be presented by the following equation:

2 PEP + 2HCO, + NADH — OG + 3CO, +
2NADH + NADPH

In summary: 2 PEP — OG + CO, + NADH
+ NADPH (1

This total balance follows from the consumption
of two bicarbonate-anions in the PEP-carboxylase
reaction, the formation of two CO, molecules in the
mitochondria during the decarboxylation of malate
and pyruvate, and the formation of one CO, molecule
in the cytosol in the NADP-ICDH reaction. In the
mitochondria, one NADH is consumed and two are
formed, and in the cytosol one NADPH is formed.

(2) The complete TCA cycle, starting from PEP
and including PK, can be presented as:

PEP — 3 CO, +4 NADH + FADH, + 2 ATP (2)

All three carbons of PEP are oxidized to CO, and
4 NADH are formed in one turn of the TCA cycle,
FAD is reduced by SDH and one ATP is formed in
the PK reaction and another by substrate level phos-
phorylation in the TCA cycle.

By comparing Egs. (1) and (2) we see that relative
to the complete TCA cycle, the partial TCA cycle
evolves only one sixth of the CO,, forms one fifth
of the reducing power (but half of this amount is the
anabolic reducing power, NADPH in the cytosol) and
no substrate phosphorylation occurs. This means that
there is a substantial reduction in decarboxylation of
TCA cycle intermediates during respiration in the
light. In fact, if the switch is complete, as indicated
in the example above, a switch to a partial TCA
cycle will decrease respiratory decarboxylations by
% without decreased PDC activity. However, the
normal situation in a leaf would probably be some
mixture between a total and a partial TCA cycle in
most metabolic situations.

C. Malate and Citrate Valves

We propose that there are two redox valves in opera-
tion in the photosynthetic plant cell; one driven by the
chloroplasts, and another driven by mitochondria. The
malate valve, driven by NADPH formed by photo-
synthetic electron transport, prevents over-reduction
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of the chloroplasts and increases the NADH/NAD
ratio in different cellular compartments (Kromer
and Scheibe, 1996). Another valve, the ‘citrate
valve,” is driven by the increased reduction level
in mitochondria linked to photorespiratory glycine
oxidation, reduces NADP pools and supplies OG for
glutamate biosynthesis. The active operation of the
citrate valve corresponds to the transition from the
full to the partial TCA cycle in plant mitochondria.
The partial TCA cycle maintains the operation of the
citrate valve, supplying the anabolic reduction power
(NADPH) via oxidation of isocitrate in the cytosol
and peroxisomes. In photorespiratory conditions,
part of the NADPH pool in the cytosol is used for
the reduction of glyoxylate and hydroxypyruvate ex-
ported from peroxisomes (Kromer and Heldt, 1991).
NADPH/NADP turnover may be provided by the
participation of cNADP-ICDH and NADP-dependent
hydroxypyruvate reductase (Igamberdiev and Klecz-
kowski, 2001). Operation of the modified TCA cycle
and the citrate valve also maintains the concentrations
of OG, OAA and pyruvate in the cytosol and mito-
chondria which is important for nitrogen assimilation
in the light. Studies with a barley mutant deficient in
mitochondrial GDC showed that, under photorespira-
tory conditions, the chloroplasts were over-reduced
and over-energized (Igamberdiev et al., 2001). This
gives support to a function for photorespiration as an
effective redox-transfer mechanism from chloroplasts
involving mitochondrial reactions.

IX. Conclusion

The reorganization of mitochondrial metabolism in
the light, including the provision of high photorespi-
ratory fluxes, switching to non-coupled pathways of
electron transport and the transition to a partial TCA
cycle, helps to explain the variable changes in the gas
exchange components that have been observed for
leafrespiration in the light. The operation of a partial
TCA cycle in the light would result in a decrease in
the decarboxylation rates and oxygen consumption,
while photorespiration is characterized by a fast
rate of oxygen consumption and decarboxylation
occurs only in one reaction catalyzed by the glycine
decarboxylase complex. Thus, with some input from
CO, refixation, the net decarboxylation rate in the
light is decreased, while (photo)respiratory oxygen
consumption remains high.
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Summary

A positive correlation has been observed between dark respiration and carbohydrate status/light intensity
during prior illumination in both leaves and roots of many species. This correlation is often ascribed to an
indirect effect: changes in carbohydrate status/light intensity are thought to influence various ATP-consuming
processes (growth, maintenance and ion uptake), and adenylate demands for these processes are thought to
restrict respiration rates. However, some data clearly indicate that this correlation is partly caused by a direct
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effect of carbohydrate as substrates for respiration both in leaves and in roots. In leaves of some species, in
vivo activity of the alternative oxidase (AOX) in mitochondria is high when carbohydrate status is high (e.g.,
leaves after illumination), and AOX would have an important role as an energy-overflow pathway, while this
correlation between carbohydrate status and in vivo AOX activity does not exist in leaves of other species.
These different responses to carbohydrate status among plant species may be related to their ecological traits.
However, the significance and physiological mechanisms of these different responses are still unknown. Day
respiration (non-photorespiratory mitochondrial CO, production or O, consumption in the light) also depends
on light intensity, although measurements of day respiration are still hard to make. High-light intensity induces
fast rates of O, uptake in the light which would support fast rates of photosynthesis; rates of CO, production in
the light also depend on light intensities under low irradiances. Growth light intensity also has a direct influence
on dark respiration, especially at photo-oxidative light intensities. If excess light intensity overwhelms avoiding
and scavenging systems in leaves, photoinhibition in photosystems occurs in leaves. Under these conditions,
non-phosphorylating pathways, such as AOX and uncoupling protein, would consume reducing equivalents

efficiently, and prevent the over-reduction in the electron transfer of chloroplasts and mitochondria.

l. Introduction

A positive correlation between dark respiration and
light intensity during a prior light period has been
found in many cases, e.g., Trifolium repens (white
clover) plants (McCree and Troughton, 1966), a
Solanum tuberosum (potato) canopy (Sale, 1974),
Zea mays (maize) roots (Massimino et al., 1981),
maize shoots (André et al., 1982), and Triticum
aestivum (wheat) leaves (Azcon-Bieto and Osmond,
1983). This correlation has often been ascribed to
a variation in the amounts of carbohydrates, which
form respiratory substrates. This is because a similar
positive correlation between carbohydrate levels
and dark respiratory rates has also been observed in
many studies, such as Vicia faba (field bean) plants
(Breeze and Elston, 1978), wheat, Lolium perrene
(ryegrass), and maize plants (Penning de Vries et
al., 1979), wheat leaves (Azcon-Bieto and Osmond,
1983; Fig. 1), Spinacia oleracea (spinach) leaves
(Noguchi et al., 1996), and leaves of five boreal tree
species (Tjoelker et al., 1999).

Abbreviations: AOX — alternative oxidase; APX — ascorbate
peroxidase; CAT — catalase; ¢, — internal CO, concentration;
COX —cytochrome c oxidase; DHAP—dihydroacetone phosphate;
GDC — glycine decarboxylase; HNE — 4-hydroxy-2-nonenal;
LEDR - light-enhanced dark respiration; LMA — leaf mass per
area; ME — malic enzyme; O, — superoxide anion; OAA — oxalo-
acetate; PDC — pyruvate dehydrogenase; PFK — ATP-dependent
phosphofructokinase; PGA — phosphoglycerate; P, — inorganic
phosphate; PIB — post-illumination burst; PK — pyruvate kinase;
PS I —Photosystem I; PS II — Photosystem II; R — respiratory
rate per unit leaf area ; R,— day respiration; R, . —respiratory rate
per unit dry weight ; ROS —reactive oxygen species; RQ —respira-
tory quotient; SHAM — salicylhydroxamic acid; SLA — specific
leafarea; SOD —superoxide dismutase; SPS — sucrose phosphate
synthase

Why is there a correlation between carbohydrate
status and respiratory rates? Does carbohydrate status
directly determine dark respiratory rates, because
carbohydrates are used as substrates? Plant respiration
rate is thought to be limited by these factors: substrate
availability, the rates of processes that use respiratory
products (e.g., ATP), and/or the capacity of respira-
tory pathway (e.g., amounts of respiratory enzymes)
(Amthor, 1995; Lambers etal., 1998). Adenylate con-
trol can restrict several steps in respiratory pathway,
such as the cytochrome pathway in the mitochondrial
respiratory chain via oxidative phosphorylation, ATP-
dependent phosphofructokinase (PFK) and pyruvate
kinase (PK) in glycolysis, and glucose-6-phosphate
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Fig. 1. Relationship between CO, uptake rate and several car-
bohydrate fractions in mature 7riticum aestivum (wheat) leaves.
Based on Azcon-Bieto and Osmond (1983).
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dehydrogenase in the pentose phosphate pathway
(Fig. 2). Several reviews suggested that, in young
plant cells, carbohydrate availability or capacity of
respiratory components would determine respiratory
rates, whereas in mature plant cells, a respiration rate
is controlled by rates of processes that use respiratory
products, such as growth, transport, nutrient uptake
and assimilation, and maintenance, via adenylate
control (Beevers, 1974; Farrar, 1985; ap Rees, 1988;
Amthor, 1989, 1994, 1995; Farrar and Williams, 1991;
Amthor et al., 2000).

What mechanisms can account for the correlation
between carbohydrate status and respiratory rates in
leaves, roots and whole plants? Does the carbohy-
drate status directly influence respiratory rates? Is
there any difference between organs and between
conditions? This chapter, firstly, reviews carbohydrate
metabolism and respiratory pathways in leafand root
cells, and then summarizes some (eco)physiological

studies on correlations between carbohydrate status
and respiratory rates. It then examines the underlying
mechanisms of the correlation between carbohydrate
status and respiration in leaves and roots. Finally, a
direct effect of strong light intensity on leaf respiration
in the light of stress physiology is presented.

Il. Relationship between Leaf Respiration
and Carbohydrate Status

A. Carbohydrate and Respiratory Metabolisms
in Mature Leaves

During daytime, carbohydrates accumulate in mature
leaves as a result of photosynthesis. There is variation
in accumulated carbohydrates among plant species
(Huber, 1989). In Cucumis sativus (cucumber) and
Glycine max (soybean), leaves mainly store starch,
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whereas sucrose is mostly stored in leaves of field
bean and Pisum sativum (pea). Starch is an insoluble
polyglucose formed in plastids, whereas fructans are
soluble polyfructoses that are synthesized and stored
in vacuoles and can accumulate in other species like
wheat, Hordeum vulgare (barley) and some other
grasses (Heldt, 1997). Intermediates of respiratory
pathways, such as triose phosphate, also accumulate
after a light period (Stitt et al., 1985). During the
night, starch in chloroplasts and fructan in vacuoles
are broken down, and sugars and sugar phosphates
enter respiratory pathways in several forms (Fig. 2).
Glucose and maltose are mainly transported from
chloroplast into the cytosol via a glucose/maltose uni-
porter at night, whereas triose phosphate is exported
via a triose-phosphate translocator (P, translocator)
during daytime in Lycopersicon esculentum (tomato)
and Phaseolus vulgaris (bean) leaves (Schleucher et
al., 1998). The synthesis of sucrose is regulated by
the availability of UTP for UDP-glucose synthesis,
and also by the phosphorylation state of sucrose
phosphate synthase (SPS), which can be allosteri-
cally modulated by changes in glucose 6-phosphate
and P, concentration (Heldt, 1997). During the day,
partitioning of photoassimilates largely depends on
the concentration of P, in the cytosol. If the concentra-
tion of P, is high, triose phosphate is rapidly exported
from chloroplasts, and converted to sucrose. However,
if the P, concentration is too low, triose phosphate
is used for starch synthesis in chloroplasts. Eighty
percent of sucrose is accumulated in vacuoles, where
its concentration is 26—120 mM in barley leaves (Far-
rar and Farrar, 1986). Sucrose transport across the
tonoplast is not energized (Pollock and Farrar, 1996).
Atnight, in mature leaves, most of the carbohydrates
are translocated to sink organs (e.g., stem, root, and
young leaves). In potato leaves, 67-84% of carbo-
hydrates were translocated, and in bean leaves about
70% (Boumaetal., 1995). In spinach leaves, 65-70%
were translocated (K. Noguchi, unpublished data) and
71% and 76% in leaves of bean and Alocasia odora,
a sun and shade species, respectively (Noguchi et
al., 2001b). The remainders of the carbohydrates
are used for respiratory substrates in leaves during
the night, to produce respiratory energy (ATP) and
carbon skeletons. About 70 to 95% of all hexose
phosphate is degraded via PFK and aldolase in
glycolysis, whereas the remainder are oxidized to
triose phosphate via the oxidative pentose phosphate
pathway (ap Rees, 1980).
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B. Correlation between Carbohydrate Status
and Respiration

During the night, leaf respiratory rates gradually de-
crease, and positively correlate with leaf carbohydrate
levels in many species, e.g., spinach (Azcon-Bieto et
al., 1983b; Azcon-Bieto and Osmond, 1983; Stitt et
al., 1990; Noguchi et al., 1996), barley (Farrar and
Farrar, 1985; Baysdorferetal., 1987), wheat (Azcon-
Bieto et al., 1983b; Averill and ap Rees, 1995), Ara-
bidopsis thaliana (Trethewey and ap Rees, 1994),
and Beta vulgaris (sugar beet) (Fondy and Geiger,
1982). In wheat leaves, respiratory rates correlated
with amounts of free glucose and fructose, invertase
sugars or starch, as well as total carbohydrates (Fig. 1,
Azcon-Bieto and Osmond, 1983). In spinach leaves,
the concentration of glucose was much lower than
that of sucrose or starch, and did not correlate with
respiration rates (Noguchi et al., 1996).

The decrease of leaf respiration during the night
was observed in both CO,-efflux and O,-uptake rates.
CO,-efflux rates decreased to a grater extent than
O,-uptake rates in leaves of wheat (Azcon-Bieto et
al., 1983b; Averill and ap Rees, 1995), spinach (No-
guchi and Terashima, 1997) and bean (Noguchi et
al., 2001a,b). Therefore, the value of the respiratory
quotient (RQ) decreased during the night in these
species. The RQ of wheat leaves after six hours of
illumination was 1.80, whereas that at the end of
the night was 0.93 (Azcon-Bieto et al., 1983b). This
is probably because at the beginning of the night,
NADH is consumed in several processes, such as
nitrate assimilation and biosynthesis of reduced com-
ponents in the leaves, and later in the night, NADH
is predominantly consumed by the respiratory chain
(Lambers et al., 1998).

The correlation between carbohydrate status and
respiration can be ascribed, in part, to a direct effect of
carbohydrates as respiratory substrates in spinach and
wheat leaves (Azcon-Bieto et al., 1983b; Trethewey
and ap Rees, 1994; Noguchi and Terashima, 1997).
This was demonstrated by an addition of exogenous
sugars or an uncoupler to leaf segments. At the end
of the night, respiratory rates of leaves were largely
enhanced by exogenous sugars, but, after illumina-
tion, respiratory rates were less enhanced by sugars
(Fig. 3). In wheat and spinach leaves, addition of
an uncoupler did not enhance the respiratory rates
throughout the night. Therefore, in these leaves, car-
bohydrate status would directly control respiratory
rates during the night.
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Fig. 3. Effects of the addition of sucrose or uncoupler on the rate
of O, uptake in Spinacia oleracea (spinach) leaves. In the presence
of sucrose (triangles) or uncoupler (squares), each datum point
represents the mean of the rates and the bars denote standard
deviation. Based on Noguchi and Terashima (1997).

Does carbohydrate availability, rather than adenyl-
ate demand, mainly restrict the respiratory rates in
all leaves that show a positive correlation between
respiration and carbohydrate status, as it does in
spinach and wheat? A good correlation between
respiration and carbohydrate status might reflect
other physiological mechanisms. In mature leaves,
respiratory ATP is used for maintenance of existing
components (e.g., proteins and lipid membranes),
carbohydrate export (starch degradation and phloem
loading), and maintenance of ion gradients across
membranes (Amthor, 1994; Lambers et al., 1998;
Noguchietal.,2001b). If ATP consumption for these
processes decreased at night, respiratory rates would
also decrease via adenylate control. Estimations of
the rate of ATP consumption in each process, and
studies of the relationships between respiration and
ATP consumptions for these processes as well as a
direct addition of sugars or uncouplers to leaves are
needed. Estimation of total respiratory ATP produc-
tion rate is also important, in order to understand the
effect of adenylate demand on respiratory rates. The
estimation of respiratory ATP production depends on
the respiratory pathways that are used, especially in
the respiratory electron transport in mitochondria.

C. Relationship between Carbohydrate Status
and Alternative Oxidase in Mature Leaves

Plant respiratory chains have two quinol-oxidizing
pathways, the cytochrome pathway and the alterna-
tive pathway. The alternative pathway consists of
one enzyme, the alternative oxidase (AOX), which
is sensitive to salicylhydroxamic acid (SHAM)
(Vanlerberghe and Mclntosh, 1997). Since electron
transport from ubiquinol to AOX is not coupled
to proton export, engagement of AOX will largely
influence ATP production rates (Amthor, 1994;
Noguchi et al., 2001b). If all electrons enter into
AOX, respiratory ATP production would be about
one-third of maximal production. Also, since AOX
is not restricted by adenylate demands, the engage-
ment of AOX will make the relationship between
carbohydrate status and respiration rates complicated.
If there is a good correlation between carbohydrate
status and respiratory rates of leaves during the night,
can both pathways respond to carbohydrate status in
the leaves? SHAM-sensitive O, uptake of wheat and
spinach leaves was fast after an illumination period,
and decreased during the night (Azcon-Bieto et al.,
1983b). At the end of the night, enhanced respiratory
rates by exogenous sucrose or glycine were sensitive
to SHAM (Azcon-Bieto et al., 1983a). This suggested
that AOX is engaged early during the night, and AOX
would consume a large proportion of carbohydrates
when carbohydrate status is high (energy-overflow
hypothesis, Lambers, 1985). However, SHAM-sensi-
tive respiration cannot be interpreted to indicate in
vivo AOX activity (in vivo contribution of AOX to
total respiration) (Day et al., 1996). Studies using an
inhibitor such as SHAM may underestimate AOX
activity, especially at the end of the night. Studies
with the '®O-fractionation technique can solve this
problem, but only a few studies have been conducted.
In spinach leaves and bean primary leaves (Noguchi
et al., 2001a), in vivo AOX activities were, indeed,
high early during the night when carbohydrate con-
centrations were high, while rates were slow later
during the night when carbohydrate status was low.
In these leaves, AOX would consume a large fraction
of carbohydrates early during the night. However, in
Nicotiana tabacum (tobacco) and bean leaves under
high phosphate condition, there was no correlation
between concentration of soluble carbohydrate and
in vivo AOX activity, whereas there was a significant
correlation between concentration of soluble car-
bohydrates and activities of cytochrome ¢ oxidase
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(COX) or total respiratory rates (Gonzalez-Meler
et al., 2001). In soybean cotyledons, in vivo AOX
activity decreased during the dark period, but there
was no correlation between in vivo AOX activity and
carbohydrate levels (Ribas-Carbo et al., 2000). Direct
effects of carbohydrates to in vivo AOX activity will
solve the contradictions between results. If AOX
responds to carbohydrate status in leaves of some
species, how do carbohydrate levels influence in vivo
AOX activity in the leaves? AOX activity is usually
determined by the redox state of the ubiquinone pool,
the redox state of the AOX protein and the allosteric
effects due to a-keto acid, such as pyruvate and a-
keto glutarate (Vanlerberghe and Mclntosh, 1997).
How can these factors be influenced by carbohydrate
status during the night? Changes in carbohydrate
levels would influence substrate levels in mitochon-
dria, and then redox levels of the ubiquinone pool.
The redox state of AOX protein is thought to be af-
fected by intramitochondrial NADPH levels via the
thioredoxin pathway in mitochondria (Vanlerberghe
and MclIntosh, 1997). Intramitochondrial NADPH
is generated by isocitrate dehydrogenase and malate
dehydrogenase. Carbohydrate levels would affect
levels of TCA-cycle intermediates, and then NADPH
levels. a-keto acids also respond to carbohydrate
levels. Pyruvate and a-keto glutarate concentrations
were 34% and 130% higher at the start of night than
at the end of night in wheat leaves, respectively
(Averill and ap Rees, 1995). Although the pyruvate
concentration at the cellular level is high enough to
activate AOX (Millenaar et al., 1998, Siedow and
Umbach, 2000), most of pyruvate might occur outside
mitochondria and its mitochondrial concentration is
unknown. Gaston et al. (2003) observed that both
pyruvate concentration and in vivo AOX activity
increased after inhibiting branched chain amino acid
biosynthesis in soybean roots. Thus, carbohydrate
status may influence in vivo activity of AOX via the
above activating systems in mature leaves. In roots,
however, the carbohydrate status would not influence
in vivo activity of AOX (Millenaar et al. 2000; see
details in Section II1.D).

D. A Lack of Correlation between
Carbohydrate Status and Respiratory Rates in
Mature Leaves of Some Species

In the examples discussed above, leaves showed a
good correlation between respiration rates and car-
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bohydrate status. However, in leaves of other species,
there is no correlation between carbohydrate status
and respiration (pea, Azcon-Bieto et al., 1983b;
shade-tolerant species, Alocasia odora, Noguchi
et al., 1996; alpine perennial species, McCutchan
and Monson, 2001a). These species showed almost
constant respiratory rates during the night. In leaves
of the shade-tolerant 4. odora, both CO,-efflux and
O,-uptake rates were slow and constant through-
out the night (Noguchi et al., 1996, Noguchi and
Terashima, 1997). This slow rate of leaf respiration
would be useful for a positive carbon balance under
deep-shade environments. Exogenous sucrose and
glycine did not enhance O,-uptake rates, even at the
end of the night. However, an uncoupler did enhance
O,-uptake rates of A. odora leaves throughout the
night (Fig. 4). The ADP concentration of 4. odora
leaves was lower, and both ATP/ADP and energy
charge were higher than those of spinach leaves
throughout the night (Noguchi and Terashima, 1997).
Thus, respiratory rates of A. odora leaves were strictly
limited by adenylate demand for ATP-consuming
processes. When ATP-consuming processes (carbo-
hydrate export and protein turnover) were compared
between A. odora leaves and bean primary leaves,
these rates were lower in A. odora leaves (Noguchi
et al., 2001b). Thus, these results suggested that the
low ATP demand for cellular processes restricted
respiration rates via oxidative phosphorylation in
A. odora leaves. Adenylate control on respiration
has also been observed in leaves of other species. An
uncoupler enhanced O,-uptake rates after a period in
the light in barley leaves (Farrar and Rayns, 1987),
Lolium perenne (Day et al., 1985) and bean leaves
(Azcon-Bieto et al., 1983c). An uncoupler relieves
not only the cytochrome pathway but also substrate
supply to mitochondria, because PK in glycolysis is
also restricted by adenylates (Pasteur effect; Fig. 2).
In L. perenne leaves, exogenous malate and glycine
enhanced O,-uptake rates, but exogenous sucrose
only stimulated respiration when an uncoupler was
also present. Thus, adenylates restricted the flow
of substrates into mitochondria via glycolysis in
L. perenne leaves. Does AOX activity respond to
carbohydrate status in leaves of these species like in
spinach? Studies with the "®O-discrimination tech-
nique showed that 4. odora leaves had a low in vivo
activity of AOX, irrespective of carbohydrate status
throughout the night (Noguchi etal., 2001a), whereas
A. odora leaves showed fast rates of KCN-insensi-
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Fig. 4. Effects of the addition of sucrose or uncoupler on the rate
of O, uptake in leaves of Alocasia odora, a shade-tolerant species.
Inthe presence of sucrose (triangles) or uncoupler (squares), each
datum point represents the mean of the rates and the bars denote
standard deviation. Based on Noguchi and Terashima (1997).

tive O, uptake (Noguchi, 1995). This suggested that
neither AOX nor COX activities in A. odora leaves
responded to carbohydrate status, and that a high
efficiency of ATP production was achieved.

In some cases, enhanced respiration occurred late
in the night or early in the morning (called ‘morning
rise’) in mature leaves of Oryza sativa (rice) (Akita
etal., 1993; Lee and Akita, 2000), whole plants of 14
crop species, such asrice, soybean, wheat (Yamagishi
etal., 1990), Medicago sativa (alfalfa) shoots (Pear-
son and Hunt, 1972), and shoots and roots of wheat
(Gerbaud et al., 1988). Gerbaud et al. (1988) found
that respiration of young wheat shoots deceased
throughout the night, but older shoots showed an
enhanced respiration at the end of night. Akita et al.
(1993) observed a similar tendency in rice. Rates of
both CO, efflux and O, uptake showed a ‘morning
rise,” and RQ values of rice leaves did not change
during the night (M. Oda and S. Akita, personal
communication). The underlying mechanisms of
the morning rise have not yet been clarified, but the
carbohydrate status would not influence this enhance-
ment in mature leaves, because carbohydrate levels
did not increase late at night in most cases.

E. Relationship between Leaf Respiration
and Carbohydrate Status during Leaf
Development and Senescence

Leaf respiration changes during development in
most species (Tetley and Thimann, 1974; Jurik et
al., 1979; Azcon-Bieto et al., 1983¢c; Collier and
Thibodeau, 1995; Oleksyn et al., 2000; McCutchan
and Monson, 2001b). Respiration rates were high
in young expanding leaves, and decreased rapidly
as leaves showed maximum photosynthetic rates.
Thereafter, respiration rates were almost constant
until senescence. A senescence-induced respiratory
burst has been observed in some species (Tetley and
Thimann, 1974; McCutchan and Monson, 2001b),
but not in others (Jurik et al., 1979; Azcon-Bieto et
al., 1983c, Collier and Thibodeau, 1995). Does the
effect of carbohydrate status on leaf respiration also
change with age?

Leaf respiration of bean correlated with free fruc-
tose and glucose, but not with invertase sugars (mostly
sucrose) or starch (Azcon-Bieto etal., 1983c). Leaves
of Betula pendula, a deciduous tree, showed gradually
increased respiratory rates and soluble carbohydrates
during summer and autumn (Oleksyn et al., 2000).
This increased respiration rate would be related to
acclimation to low temperatures. A similar trend was
observed in leaves of evergreen trees (Kozolowski
and Pallardy, 1997). During senescence, in leaves of
two deciduous tree species, Populus tremuloides and
Quercus rubra, both chlorophyll and nitrogen con-
centration gradually declined for two months before
defoliation, but respiratory rates decreased quickly
for three weeks before defoliation in parallel with
soluble sugar contents (Fig. 5, Collier and Thibodeau,
1995). In B. pendula leaves, both respiratory rates
and soluble carbohydrate levels decreased (Oleksyn
et al., 2000). However, these correlation studies do
not always indicate a direct influence of carbohydrate
status on respiratory rates during leaf development.
In bean leaves, exogenous sucrose did not enhance
respiration at any ages, but an uncoupler enhanced
respiration rates, especially in young leaves (Azcon-
Bieto et al., 1983c).

There are no data on in vivo activities of AOX
and COX with leaf developmental stage using the
180-discrimination technique, except for soybean
cotyledons (Ribas-Carbo et al., 2000). In parallel with
greening, total respiration rates of soybean cotyledons
showed a peak, and then gradually decreased. In vivo
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Fig. 5. Relationship between respiration rate and soluble sugar
content in leaves of Populus tremuloides (open symbols) and
Quercus rubra (filled symbols) during autumnal senescence.
Based on Collier and Thibodeau (1995).

activity of COX increased during the first three hours
of exposure to light, and then decreased, whereas in
vivo activity of AOX peaked after 24 hours of greening
and gradually decreased. After 50 hours of greening,
both oxidases showed a similar activity. In young
leaves, the capacity of the cytochrome pathway was
high, and then it decreased. However, the capacity of
the alternative pathway did not change in leaves of
bean (Azcon-Bieto et al., 1983c) and of two decidu-
ous tree species, P tremuloides and Q. rubra (Collier
and Thibodeau, 1995). In pea leaf mitochondria, the
capacity of the cytochrome pathway also decreased,
but the activity of the alternative pathway did not
change during the same measurement period (Azcon-
Bieto et al., 1983c). The calculated P/O ratio (the ef-
ficiency of oxidative phosphorylation) also decreased
with leaf age in pea mitochondria (Geronimo and
Beevers, 1964). A similar tendency was observed
in senescent mung bean (Wen and Liang, 1993) and
soybean cotyledons (Azcon-Bieto et al., 1989). Dur-
ing senescence, the COX capacity in leaves of two
deciduous tree species, P, tremuloides and Q. rubra,
decreased more quickly than the AOX capacity (Col-
lier and Thibodeau, 1995). Thus, these data suggest
that AOX would be active, even in senescent leaves,
although it is not know whether in vivo activity of
AOX relates to carbohydrate status with leaf devel-
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opmental stage from the available data.

F. Different Responses of Leaf Respiration to
Carbohydrate Status

Allthese results suggest that, in some species, changes
of carbohydrate status during the night would directly
influence respiration rates of mature leaves, and AOX
may act as an energy overflow when carbohydrate
status is high. In mature leaves, variation in carbo-
hydrate levels during the day is large, and then an
emergency valve for energy overflow like AOX might
be important under stress conditions. However, this is
not the case for all situations and species. Adenylate
demand would control respiratory pathway in mature
leaves of other species, and then AOX does not re-
spond to carbohydrate status. However, mechanisms
accounting for the differences in response among
species and their ecological significance, if any, have
not yet been clarified. It is relatively easy to measure
dark respiration of mature leaves with a portable
gas-exchange system or an oxygen electrode, and
to sample leaf materials even under field conditions.
Even though there is a large collection of data on
respiration rates and carbohydrate levels in leaves of
various plant species (Amthor, 1989), these data is not
sufficient to gain an understanding of the mechanisms
explaining the relationships between leaf respiration
and carbohydrate levels. Further analysis of the cor-
relation between respiration rates and carbohydrate
levels under various conditions and with various plant
species, as well as to examine in vivo AOX activities
and changes of respiratory rates by the addition of
sugar/uncoupler to leaves, in order to understand
the effect of carbohydrate status on leaf respiration
pathway in vivo. Understanding the relationship be-
tween levels of carbohydrates and metabolites, such
as respiratory intermediates, reducing equivalents,
and adenylates, and estimate fluxes of carbohydrates
between tissues and between subcellular components
isalsonecessary (Farrar, 1985; ap Rees, 1988; Winter
et al.,, 1994). Different responses of respiration to
carbohydrate status may be understood better after a
comparison of plant functional groups and different
species. Reich et al. (1998) examined leaves of 69
species from four functional groups (forbs, broad-
leafed trees and shrubs, and conifers) in six biomes.
They predicted dark respiratory rates of leaves by
combinations of leaf traits (leaf life span, nitrogen
concentration, specific leaf area). If detailed physi-
ological experiments will be added to their results,
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this would help to understand different responses of
respiration to carbohydrate status in mature leaves,
and also the ecological significance of different
responses.

lll. Relationship between Root Respiration
and Carbohydrate Status

A. Carbohydrate Metabolism in Roots

Is the relationship between respiration and carbo-
hydrate status in roots similar to that in leaves? Be-
tween one-third to two-thirds of all photosynthates
are respired per day, and between 8 and 52% of the
daily produced photosynthates are consumed in the
roots (Lambers et al., 2002). This percentage is influ-
enced by several factors, such as maximum growth
rate of the species, nutrient availability, and plant
age. Slower potential growth rate and lower nutrient
supply are accompanied with greater partitioning of
photoassimilates to root respiration (Van der Werf et
al., 1992). Moreover, this percentage tends to decrease
with increased plant age (Van der Werf et al., 1988).
These changes in carbohydrate partitioning would
be partly influenced by changes in cellular demands
for respiratory energy (growth, maintenance, and ion
uptake) in roots.

Photosynthates are transported from shoot to roots
via the phloem. Sucrose is a major transported form
in phloem of species with an apoplasmic loading
type. In the species that have a symplasmic loading
type, oligosaccharides are major forms (Van Bel,
1993). Transported sucrose is unloaded from sieve
elements of phloem into root parenchyma cells.
There are also two pathways in phloem unloading,
symplasmic and apoplasmic (Heldt, 1997). In sym-
plasmic unloading, sucrose is directly transported
into root parenchyma cells via plasmodesmata. In
apoplasmic unloading, sucrose is exported from sieve
elements into an apoplasmic region. Sucrose is partly
hydrolyzed into glucose and fructose by invertase in
the apoplast, and sucrose and hexoses are taken up
into root cells via disaccharide and monosaccharide
transporters, respectively (Williams et al., 2000).
Both transporters are energy-dependent symporters.
In roots, symplasmic unloading is a major process,
while in storage sinks (e.g., tubers) predominates the
apoplasmic pathway (Heldt, 1997). In barley roots,
45% of sucrose entering the root was respired (Farrar,
1985). In roots, imported sugars are compartmented

into three pools: cytosolic, vacuolar, and apoplasmic,
and stored as fructan and starch (Fig. 6, Farrar and
Williams, 1991). Although, the cytosolic pool size is
small, it is stable, because this pool is supported by
import supply from shoot and other pools.

B. Root Respiration and its Relationship with
Carbohydrate Status

Root respiration supports growth, maintenance, and
active uptake of nutrients from soil or culture solution.
Root respiration also supports nutrient assimilation
in roots, although a considerable fraction of nitrate
assimilation may occur in shoots during the day
(Amthor, 1995). Like leaf respiration, root respira-
tion may show a diurnal fluctuation in many species,
for example Helianthus annuus (sunflower) (Hatrick
and Bowling, 1973; Casadesus et al., 1995), Lolium
multiflorum (Hansen, 1980), cucumber (Lambers et
al., 2002, based on data from Challa, 1976), Hol