
RESPONSES OF RESPIRATORY AND 
PHOTORESPIRATORY DECARBOXYLATIONS  

TO INTERNAL AND EXTERNAL FACTORS  
IN C3 PLANTS

RESPIRATOORSE JA FOTORESPIRATOORSE 
DEKARBOKSÜLEERIMISE VASTUSED SISEMISTE JA  

VÄLISTE FAKTORITE TOIMELE C3 TAIMEDES

HIIE IVANOVA

A Thesis
for applying for the degree of Doctor of Philosophy

in Plant Physiology 

Väitekiri
filosoofiadoktori kraadi taotlemiseks taimefüsioloogia erialal

Tartu 2015





Eesti Maaülikooli doktoritööd

Doctoral Theses of the 
Estonian University of Life Sciences





RESPONSES OF RESPIRATORY AND 
PHOTORESPIRATORY DECARBOXYLATIONS 

TO INTERNAL AND EXTERNAL FACTORS 
IN C

3
 PLANTS

RESPIRATOORSE JA FOTORESPIRATOORSE 
DEKARBOKSÜLEERIMISE VASTUSED SISEMISTE JA 

VÄLISTE FAKTORITE TOIMELE C3 TAIMEDES

HIIE IVANOVA

A Thesis
for applying for the degree of Doctor of Philosophy

in Plant Physiology 

Väitekiri
fi losoofi adoktori kraadi taotlemiseks taimefüsioloogia erialal

Tartu 2015



Institute of Agricultural and Environmental Sciences
Estonian University of Life Sciences

According to the verdict No 6-14/15-6 of October 8, 2015 the Doctoral 
Committee of Environmental Sciences and Applied Biology of the 
Estonian University of Life Sciences has accepted the thesis for the 
defence of the degree of Doctor of Philosophy in Plant Physiology.

Opponent: Dr. Miquel Ribas-Carbo
University of the Balearic Islands, Spain

Supervisors: Prof. Dr. Ülo Niinemets
  Institute of Agricultural and Environmental Sciences
  Estonian University of Life Sciences

Dr.Sci   Olav Keerberg
  Institute of Agricultural and Environmental Sciences
  Estonian University of Life Sciences

Dr. Tiit Pärnik
 Institute of Agricultural and Environmental Sciences
 Estonian University of Life Sciences

Defence of the thesis:
Estonian University of Life Sciences, Kreutzwaldi 5-2A1, Tartu,
on January 8, 2016, at 11:15.

Texts in English and Estonian were edited by Lembe Laanest.

Publication of this thesis is supported by Estonian University of Life 
Sciences. This research was supported by the EU through the European 
Regional Development Fund (Center of Excellence ENVIRON).

© Hiie Ivanova, 2015
ISSN 2382-7076
ISBN 978-9949-569-09-0 (trükis)
ISBN 978-9949-569-10-6 (pdf)



5

CONTENTS

LIST OF ORIGINAL PUBLICATIONS .................................................7
ABBREVIATIONS .......................................................................................8
1. INTRODUCTION ...................................................................................9
2. REVIEW OF THE LITERATURE ..................................................12

2.1. Plant respiratory metabolism ........................................................12
2.1.1. Respiration ..........................................................................13
2.1.2. Photorespiration .................................................................14
2.1.3. Mitochondrial electron transport ....................................16

2.2. Regulation of respiration by environmental factors .................16
2.2.1. Infl uence of temperature on respiration ........................17
2.2.2. Infl uence of concentrations of O2 and CO2 on 

respiration ............................................................................17
2.2.3. Inhibition of respiratory decarboxylation by light ........18
2.2.4. Infl uences of previous light period on dark 

respiration ............................................................................19
2.3. Regulation of photorespiration by environmental factors .......20

3. AIMS OF THE STUDY .......................................................................22
4. MATERIAL AND METHODS .........................................................23

4.1. Plants .................................................................................................23
4.2. Measurement system ......................................................................23
4.3. Gasometric measurements ............................................................24
4.4. Radiogasometric measurements ...................................................24
4.5. Pulse-chase experiments ................................................................28
4.6. Analysis of photosynthates ............................................................28

5. RESULTS .................................................................................................29
5.1. Decarboxylation in the dark .........................................................29

5.1.1. Availability of substrates for respiration ........................29
5.1.2. Infl uence of external factors on decarboxylation in 

the dark ................................................................................31
5.2. Decarboxylation in the light .........................................................33

5.2.1. Suppression of respiration by light ..................................33



6

5.2.2. Rates of respiratory and photorespiratory 
decarboxylations in C3 species with different rates of 
starch synthesis ...................................................................35

5.2.3. Effects of O2  and CO2 concentrations ..........................36
5.2.4. Temperature dependence of respiration in the light ....38

5.3. Decarboxylation in plants with modifi ed genome ....................40
5.3.1. Mitochondrial mutant of cucumber ................................40
5.3.2. Photorespiratory transformants of potato .....................40

6. DISCUSSION ..........................................................................................42
6.1. Availability of respiratory substrates in the dark .......................42
6.2. Respiratory decarboxylations in the light....................................43
6.3. Interactions of respiration and photorespiration ...................... 44

7. CONCLUSIONS .....................................................................................48
REFERENCES ............................................................................................50
SUMMARY IN ESTONIAN ....................................................................60
ACKNOWLEDGEMENTS......................................................................64
ORIGINAL PUBLICATIONS .................................................................65
CURRICULUM VITAE...........................................................................136
CURRICULUM VITAE (in Estonian) ..................................................138
LIST OF PUBLICATIONS .....................................................................140



7

LIST OF ORIGINAL PUBLICATIONS

Current thesis is based on the following original publications which in 
the Thesis will be referred to by their Roman numerals:

I. Pärnik T, Ivanova H, Keerberg O (2007) Photorespiratory 
and respiratory decarboxylations in leaves of C3 plants under 
different CO2 concentrations and irradiances. Plant, Cell and 
Environment 30(12), 1535–1544.

II. Ivanova H, Keerberg H, Pärnik T, Keerberg O (2008) 
Components of CO2 exchange in leaves of C3 species with 
different ability of starch accumulation. Photosynthetica, 46(1), 
84–90. 

III. Pärnik T, Voronin PY, Ivanova H, Keerberg O (2002) 
Respiratory CO2 fl uxes in photosynthesizing leaves of C-3 
species varying in rates of starch synthesis. Russian Journal of 
Plant Physiolog y, 49, 729–735.

IV. Hüve K, Bichele I, Ivanova H, Keerberg O, Pärnik T, Rasulov 
B, Tobias M, Niinemets Ü (2012) Temperature responses 
of dark respiration in relation to leaf sugar concentration. 
Physiologia Plantarum 144, 320–334.

V. Szal B, Jastrzebska A, Kulka M, Lesniak K, Podgorska A, 
Pärnik T, Ivanova H, Keerberg O, Gardeström P,  Rychter 
AM (2010) Infl uence of mitochondrial genome rearrangement 
on cucumber leaf carbon and nitrogen metabolism. Planta 
232, 1371–1382.

VI. Keerberg O, Ivanova H, Keerberg H, Pärnik T (2000) CO2 
exchange of potato transformants with reduced activities of 
glycine decarboxylase. In: Phytosfere’99. Highlights in European 
Plant Biotechnolog y Research and Technolog y Transfer. De Vries 
GE,  Metzlaff K (eds), Elsevier Science BV, Amsterdam, pp. 
215–219.



8

ABBREVIATIONS

ADP  Adenosine diphosphate
ATP  Adenosine triphosphate
GDC  Glycine decarboxylase (complex)
LEDR  Light-enhanced dark respiration
NAD(H) Nicotinamide adenine dinucleotide
NADP(H)      Nicotinamide adenine dinucleotide phosphate
OAA  Oxaloacetate
PC  Carboxylation of RuBP
PN  Net photosynthesis
PT  True photosynthesis
PDC  Pyruvate dehydrogenase complex
PEP  Phosphoenolpyruvate
PGA  3-Phosphoglyceric acid
R  Total decarboxylation
RD Respiratory decarboxylation in the dark (dark respiration)
RL  Effl ux of CO2 from the leaf
RP  Photorespiratory decarboxylation (photorespiration)
RPA Photorespiratory decarboxylation of primary 

photosynthates
RPS Photorespiratory decarboxylation of stored photosynthates
RR  Respiratory decarboxylation (respiration in the light)
RRA  Respiratory decarboxylation of primary photosynthates
RRS  Respiratory decarboxylation of stored photosynthates
Rr  Reassimilation inside the leaf
RPP cycle Reductive pentose phosphate cycle
RuBP  Ribulose-1,5-bisphosphate
Rubisco Ribulose-1,5-bisphosphate carboxylase/oxygenase
SA  Starch-accumulating (plants)
SD  Starch-defi cient (plants)
TCA cycle Tricarbonic acid cycle
RA  Decarboxylation of primary photosynthates (RPA+ RRA)
RS  Decarboxylation of stored photosynthates  (RPS + RRS)



9

1. INTRODUCTION

Respiration is a collective term for a variety of processes consuming 
oxygen and releasing CO2. In leaves in darkness and in non-photosynthetic 
plant tissues, non-photorespiratory respiration (also called dark respiration, 
mitochondrial respiration or simply respiration) is the only process 
maintaining plant metabolic activity. In leaves in the light, two different 
processes, respiration (also called sometimes “day respiration”) and 
photorespiration take place simultaneously with photosynthesis, and  
precise coordination of these processes is inevitable (Hurry et al. 2005; 
Noguchi, Yosida 2008; Atkin et al. 2010).

In C3 plants, an essential fraction of fi xed CO2 is lost through respiratory 
effl ux from a photosynthesizing leaf. CO2 is released in several reactions 
of decarboxylation of the products of photosynthesis (photosynthates) 
and only part of it is newly reassimilated inside the leaf (Busch et al. 
2013). Therefore photosynthesis and respiration seem to be antagonistic 
processes as CO2 is assimilated during photosynthesis and released by 
respiration, although both processes have a similar function – to supply 
metabolic processes with energy and metabolites.

Photorespiration is a consequence of Rubisco dual activity. Its rate is 
determined by the specifi city of Rubisco to its substrates CO2 and O2 and 
by the concentration of these substrates in the environment (Tcherkez 
et al. 2006). Since its discovery photorespiration is considered to be a 
wasteful process decreasing plant yield, and attempts to fi nd or create 
plants without photorespiration are numerous (Maurino, Peterhansel 
2010; Peterhansel et al. 2013).

During the last years, a general understanding  of the integrity of 
photosynthetic, photorespiratory and respiratory metabolism has emerged, 
and it has been an important fi eld for investigation by numerous studies 
(Niinemets 2014; Way, Yamori 2014; Atkin et al. 2015). Nevertheless, there 
is still no full understanding of regulatory mechanisms and the infl uence 
of different external and internal factors on respiratory decarboxylation.

Gas exchange of a photosynthesizing leaf consists of different components 
(Fig. 1) based on the reactions of carboxylation, decarboxylation and 
reassimilation of CO2 released inside the leaf. Specifi c methods, in 
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particular, isotopic labeling techniques are required for measurement of 
the rates of these simultaneous CO2 fl uxes in opposite directions (Hunt 
2003; Tcherkez et al. 2012; Busch 2013; Pärnik, Keerberg 1995, 2007).

True photosynthesis PT
Effl ux of CO2 from the leaf RL
Net photosynthesis PN= PT-RL
Respiratory decarboxylation RR
Photorespiratory 
decarboxylation RP
Total decarboxylation R= RP+ RR
Reassimilation inside the leaf Rr= R-RL
Carboxylation PC= PT+Rr

Figure 1. Main components of plant leaf CO2 exchange in the light. 
Arrows – the fl uxes of CO2 exchange between the leaf and environment and inside 
the leaf. Equations show interactions between the fl uxes.

All compounds formed in the process of photosynthetic carbon 
assimilation may serve as substrates for respiratory and photorespiratory 
decarboxylations. These compounds may be classifi ed as primary and 
stored photosynthates. Primary photosynthates are metabolites of current 
photosynthesis with a turnover halftime in the order of minutes (Keerberg 
et al. 2011). Stored photosynthates are the end products of photosynthesis 
(for the most part starch, sucrose, and/or fructans) accumulating 
during the day in photosynthesizing leaves. The turnover halftime of 
these compounds is in the order of hours or tens of hours (Pärnik, 
Keerberg 2007). Stored photosynthates serve as the only substrate for 
respiratory decarboxylation in the dark. In photosynthesizing leaf primary 
photosynthates and stored photosynthates are both potential substrates 
for photorespiratory and respiratory decarboxylations (Pärnik, Keerberg 
1995; Pärnik, Keerberg 2007).

Most of the methods commonly used in studies of photorespiration and 
respiration under irradiation do not distinguish between these two groups 
of substrates. Nevertheless, knowledge of the contribution of primary 
and stored photosynthates to different types of decarboxylation reaction 
is important for understanding the interrelations of photosynthesis, 
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photorespiration, and respiration in irradiated leaves, in particular 
for gaining insight into the temporal variation in respiration rates. 
Furthermore, there is a large interspecifi c variability in the partitioning 
of immediate photosynthates among the soluble pool, consisting of 
hexoses and di- and oligosaccharides such as sucrose, and non-soluble 
polysaccharides such as starch and fructan (Atkin, Millar et al. 2000; Van 
den Ende 2013). However, effects of such species, variation on respiratory 
activity have not been analyzed in detail.

Plant leaf respiration and photorespiration can be estimated as rates of the 
reactions of decarboxylation. The key aim of this thesis was to separate the 
components of respiration relying on fast and slow pools of metabolites 
and to analyze the signifi cance of the various components of respiration in 
species with differing capacity to partition photosynthates among sucrose 
and starch (see section 3 for a detailed list of Aims). Measurements in this 
work were performed by means of a radio-gasometric method (Pärnik, 
Keerberg 2007) that enables to determine main components of plant leaf 
CO2 exchange in photosynthesizing leaf, distinguishing also between 
the consumption of primary and stored photosynthates as substrates of 
decarboxylation. In the following, this thesis provides fi rst a detailed 
review of literature identifying the gaps in the knowledge addressed by 
this thesis and further outlines and discuss the major results of this thesis.
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2. REVIEW OF THE LITERATURE

2.1. Plant respiratory metabolism

Respiration functions in the dark as well as in the light and requires 
relatively low oxygen concentrations for maximum activity while 
photorespiration is possible only in the light in the environment with 
relatively high O2 and low CO2 concentrations characteristic of the ambient 
atmosphere at the present time. Photorespiratory pathway operates in 
cooperation with photosynthetic reductive pentose phosphate (RPP) cycle. 
Schema (Fig. 2) represents the relationship between photosynthetic and 
respiratory pathways of carbon metabolism in a plant cell.

Figure 2. The main pathways of carbon metabolism in a photosynthetic cell and 
metabolic interactions of different cell compartments.
The numbers indicate enzymes catalyzing CO2 exchange steps: 1 – Rubisco, 2 – PEP 
carboxylase, 3 – glycine decarboxylase, 4 – pyruvate dehydrogenase, 5 – NAD-malic 
enzyme, 6 – decarboxylation reactions in the TCA cycle  (isocitrate dehydrogenase 
and ketoglutarate dehydrogenase).
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2.1.1. Respiration

Metabolic pathway of respiration includes three main steps, glycolysis 
located in the cytosol, citric acid (TCA) cycle in the matrix of mitochondria  
and the mitochondrial electron transport chain in the cristae of 
mitochondrial inner membrane (Bowsher, Tobin 2001; Schertl, Braun 
2014). Additionally, parallel and alternative pathways like the oxidative 
pentose phosphate pathway and alternative reactions in mitochondrial 
electron transport chain may also be considered components of plant 
respiratory metabolism.

Glycolysis converts carbohydrates into pyruvate and malate. ATP and 
NADH are produced in reactions catalyzed by glyceraldehyde phosphate 
dehydrogenase, phosphoglycerate kinase and pyruvate kinase. There are no 
reactions of decarboxylation at glycolysis, but instead of dephosphorylation 
of phosphoenolpyruvate (PEP) by pyruvate kinase PEP may be converted 
by PEP carboxylase to oxaloacetate (OAA), and further to malate. In 
oxygenic conditions, malate is the major end product of glycolysis in 
plants (Day, Hanson 1977; Fernie et al, 2004).

Pyruvate, malate and oxaloacetate are transported into the mitochondria 
and metabolized in the TCA cycle. The respiratory pathway of the 
TCA cycle includes three reactions of oxidative decarboxylation. 
Reduced NADH produced in the TCA cycle is metabolized through 
mitochondrial electron transport, including oxidative phosphorylation 
which enables to convert reducing power of NADH to ATP. The role 
of respiration is not restricted only to production of energy in form 
ATP, but its even more important function is to serve as a substrate 
supply for many other metabolic pathways of the plant cell. In the light, 
isocitrate dehydrogenase in the TCA cycle was found to be suppressed by 
increased redox levels of the mitochondrial pools of NAD and NADP 
derived from photorespiration (Igamberdiev, Gardeström 2003). The 
main product of the partial TCA cycle in the light is citrate exported 
from mitochondria to the cytosol (Hanning, Heldt 1993) where it is used 
as a carbon source for amino acid and fatty acid synthesis (Tcherkez 
et al. 2011). It is proposed that partial TCA cycle can contribute to a 
decrease in respiratory decarboxylations and can suppress respiration 
in the light. Another hypothesis proposed to explain suppression of 
respiration is based on the effects exerted by products of photorespiratory 
decarboxylation (Bykova et al. 2005, Hurry et al. 2005). It is proposed 
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that NADH and NH4
+ formed at the decarboxylation of glycine affect 

the phosphorylation state of the mitochondrial pyruvate dehydrogenase 
complex (PDC), resulting in the loss of its activity in the light (Tovar-
Mendez et al. 2003). Investigation of malate dehydrogenase isoforms using 
knockout mutants of Arabidopsis has demonstrated the essential role of 
mitochondrial malate dehydrogenase in mechanisms linking respiration, 
photorespiration and photosynthesis (Tomaz et al. 2010).

Leaf cells possess also the complement of enzymes of the oxidative 
pentose phosphate pathway in chloroplasts and most of them (if not 
all) in cytoplasm (Schnarrenberger et al. 1995, Debnam, Emes 1999, 
Kruger et al. 2003). Whereas the key enzyme of the pathway, glucose-
6-phosphate dehydrogenase, is active only in the dark, the oxidative 
pentose phosphate pathway is thought to be switched off in illuminated 
leaves. The plastidic isoenzymes are shown to be a subject to redox 
regulation, but mechanisms that control the activity of cytosolic isoforms 
are largely unknown (Hauschild, von Schaewen, 2003). This oxidative 
pathway is a major source of reducing power and metabolic intermediates 
for biosynthetic processes (mainly for secondary metabolism) in non-
photosynthetic tissues, but quantitative data about the rates of fl uxes and 
details of its operation in photosynthetic tissues remain largely unknown 
(Kruger et al. 2003; Bussel et al. 2013). Especially limited is the knowledge 
of the controls of temporal variation in respiratory fl uxes as driven by 
fast and slow substrate pool sizes (see Introduction).

2.1.2. Photorespiration

Photorespiration is a high-flux metabolic pathway that takes place 
along with photosynthetic CO2 fi xation. It starts by oxygenation of 
ribulose 1,5-bisphosphate (RuBP) in the chloroplasts. Photorespiratory 
metabolism involves the glycolate (C2) carbon recycling pathway which 
is associated with ammonium recycling (Keys 2006, Foyer et al. 2011). It 
converts two molecules of phosphoglycolate, which originate from the 
oxygenase reaction of Rubisco, to one molecule of 3-phosophoglycerate 
(3PGA) returning to the reductive pentose phosphate (RPP) cycle and 
one molecule of CO2 leading to photorespiratory CO2 release. Glycolate  
pathway involves reactions in different cell compartments: chloroplasts, 
peroxisomes and mitochondria (Fig. 2). The enzymes of the pathway 
are quite well characterized, but for the functioning of the cycle, at 
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least 25 transport processes should also be necessary and only a few of 
them are described in detail (Pick et al. 2013). The compartmentation 
is achieved not only through the boundary function of membranes but 
also by arrangement of multienzyme complexes allowing metabolite 
channeling. Channeling plays an important role in transport of metabolites 
and redox equivalents between mitochondria and peroxisomes (Heldt et 
al. 1998, Prinz 2014).

Photorespiration is not a completely closed cycle as photorespiratory 
metabolites can provide substrates for other processes (Wingler et al. 
2000). The glycolate cycle tightly interacts with other metabolic pathways, 
although the nature and relevance of all these interactions are not well 
known.

The functions of photorespiration seem controversial (Foyer et al. 
2009). Oxidation of glycine is of quantitative importance only in 
photosynthesizing tissues although its key enzyme glycine decarboxylase 
(GDC) may have some additional functions. The fact that deletion of 
GDC in Arabidopsis is lethal under non-photorespiratory conditions (Engel 
et al. 2007) provides evidence for the non-replaceable function of GDC 
in vital metabolic processes other than photorespiration. In cooperation 
with another mitochondrial enzyme, serine hydroxymethyl transferase 
(SHM) converting glycine to serine, GDC is shown to be an obligatory 
component of one-carbon metabolism not only in photosynthetic but 
also in heterotrophic plant tissues (Mouillon et al. 1999). There is also 
evidence that serine, a product of the reaction, may be involved in the 
control of plant metabolism as a signaling compound (Ros et al. 2013).

There are other possible reactions in glycolate metabolism such as 
formation of glycolate in transketolase reaction of RPP cycle (Eickenbusch 
et al. 1975) and additional decarboxylation of glyoxylate in peroxisomes 
which may change the admitted stoichiometry of the glycolate pathway. 
However, the rate of CO2 formation from glyoxylate is likely very low 
compared with the rate of decarboxylation of glycine (Igamberdiev 1989) 
and there is no experimental evidence about a signifi cant role of the 
transketolase reaction in vivo.
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2.1.3. Mitochondrial electron transport

Electron transport in mitochondria is common for respiration and 
photorespiration. Components of the mitochondrial electron transport 
chain and ATP synthase are the integral part of the mitochondrial inner 
membrane whereas pools of NAD, NADP, ADP, and ATP are located 
in the matrix (Bowsher, Tobin 2001). Plant respiration responds to 
the demand for metabolic energy by control of the electron transport. 
In isolated mitochondria respiratory activity is effectively controlled 
by the availability of ADP. In intact leaves, functioning of the same 
control mechanism is supported by the fi ndings that rate of respiration 
is enhanced when the demand for ATP increases (Lambers et al. 2005).  
Unlike in other organisms, electron transport in plants has some specifi c 
traits such as several different dehydrogenases, phosphorylating and non-
phosphorylating alternative pathways enabling electron transport also at 
high ATP levels. Besides the cytochrome oxidase pathway universal for 
all aerobic organisms, plants possess an alternative oxidase pathway of 
mitochondrial electron transport. Electron transport to an alternative 
oxidase is not coupled to ATP production. It is more active in various 
extreme conditions (Vanlerberghe 2013) and participates in the light/
dark regulation of respiration (Hurry et al. 1995). Existence of non-
phosphorylating pathways makes respiration relatively independent of 
cytosolic ATP/ADP ratio and redox state and enables mitochondrial 
electron transport in photosynthesizing plant leaf to dissipate energy 
excess if it is needed (Affourtit et al. 2001). Upregulation of the respiratory 
electron transport chain is important for stabilizing the photosynthetic 
system (Noguchi, Yosida 2008). Therefore, it may be assumed that more 
complicated mechanisms than simple regulation by redox state or adenylate 
level are involved in the control of mitochondrial electron transport and 
whole respiratory metabolism. 

2.2. Regulation of  respiration by environmental factors

Respiration is infl uenced by different internal and external factors. 
Environmental factors such as temperature, light, concentrations of CO2 
and O2 have great impact on respiration. Their effects are mediated by 
a number of internal factors. The main regulatory mechanism of RD 
seems to be based on metabolic control of enzyme activities and substrate 
availability.
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2.2.1. Infl uence of temperature on respiration

Temperature is an important external factor infl uencing plant respiratory 
processes. RD increases exponentially with temperature according to a 
constant Q10 (the proportional change in plant respiration with a 10 °C 
increase in temperature). The value of Q10 is highly variable. It depends 
on plant species, development stage, growth and measurement conditions 
etc. Commonly used Q10 value around 2 is appropriate only over restricted 
temperature range from 15 to 25 °C. Different factors such as variation 
of temperature sensitivity of respiratory enzymes, limitation of respiration 
by substrates or adenylates, and transition from enzymatic control to 
limitation by adenylate/substrate supply are suggested to affect the value 
of Q10 (Atkin et al. 2005). There is still little known about combined 
effects of other environmental factors and temperature on respiration.

2.2.2. Infl uence of concentrations of O
2
 and CO

2
 on respiration

There are only few data about direct infl uence of O2 concentration on 
respiration. RD is inhibited at zero concentration of O2. In gasometric 
measurements concentrations 10-20 mmol mol-1 O2 are considered to 
be saturating. It has been demonstrated that at short-time exposures 
of plants at 6-8 mmol mol-1 O2 respiration is decreased only by 10–
20% compared to its rate at the normal O2 concentration (Laisk 1977). 
Results of radiogasometric measurements of the rates of the components 
of intracellular decarboxylation in the light confi rm that respiratory 
decarboxylation is saturated at a relatively low O2 concentration (of about 
15 mmol mol-1) (Pärnik, Keerberg 1995, Laisk et al. 2007).

Infl uences of CO2 concentration on respiration have been investigated in 
more detail but there is no consensus about the direction and mechanisms 
of the effects. In particular, the consensus is partly lacking due to technical 
problems in earlier studies on respiration. Many early studies on respiration 
have been conducted with clip-on cuvettes with porous gaskets prone to 
diffusion leaks leading to artifi cial effects of CO2 on apparent respiration 
rates (Amthor 2000; Pons, Welschen 2002; Rodeghiero et al. 2007).

Despite these problems, the available evidence does suggest that short-time 
and long-time effects of  high CO2 concentration on plant respiration are 
different. The direct effect has been shown to be correlated with inhibition 
of  certain respiratory enzymes, and the indirect effect or acclimation may be 
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related to changes in tissue composition leading to inhibition of  respiration 
(Drake et al. 1999). On the contrary, respiration may not be reduced when 
plants are grown at elevated CO2 concentration, because the direct effects 
on respiratory enzymes are very small and it is also possible that some 
direct effects are confounded with measurement artefacts (Gonzalez-Meler, 
Taneva 2005). In illuminated leaves cellular redox state and ATP availability 
are dependent on CO2 concentration due to changes in photosynthetic 
CO2 assimilation and photorespiration (Wormuth et al. 2006).

Some direct effects of CO2 concentration on respiratory metabolism have 
been described. High CO2 concentrations may inhibit leaf respiration 
by inhibition of cytochrome oxidase and succinate dehydrogenase 
(Gonzàlez-Meler et al. 1996, Drake et al. 1999). Tcherkez et al. (2012) 
found that metabolism of labelled citrate was infl uenced by both CO2 and 
O2 concentrations. Measurements of respiration by consumption of O2 
demonstrated that leaf respiration was unaffected by ambient CO2 level in 
the dark (Amthor et al. 2001). Its rate was found to be constant in a wide 
range of CO2 concentrations (Davey et al. 2004). Data collected about 
the infl uence of the short-time rise of CO2 concentration on respiration 
are controversial. In different measurements effects reported vary from 
no effect to more than 50% inhibition (Gonzàlez-Meler, Taneva 2005).

2.2.3. Inhibition of respiratory decarboxylation by light

In the light, the main component of decarboxylation reactions (Fig. 1) is 
photorespiration. In normal conditions photosynthesis, photorespiration 
and respiration are functioning simultaneously but respiration (RR, non-
photorespiratory mitochondrial CO2 release) in leaves is inhibited by 
light (Sharp et al. 1984, Brooks, Farquhar 1985, Kirschbaum, Farquhar 
1987, Villar et al. 1994, 1995; Krömer 1995). Using metabolites enriched 
with 13C at different positions, it has been shown that the light/dark 
transition induces metabolic down-regulations of glycolysis and the TGA 
cycle (Tcherkez et al. 2005). The activity of the TCA cycle in the light 
was found to be 25–100% of that in the darkness (Nunes-Nesi et al. 
2007), the decrease focuses on the early and middle steps of the TCA 
cycle (Tcherkez et al. 2008, Huang et al. 2013). The TCA “cycle” thus 
appeared as non-cyclic pathway operating in both the reverse and forward 
directions to produce fumarate and glutamate, respectively, due to the 
lack of metabolic connection between 2-oxoglutarate (or succinate) and 
fumarate (Tcherkez et al. 2009).
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Taking into account the great variability of the degree of light inhibition 
of respiration, sometimes it has been assumed that leaf dark respiration 
continues in the light at the same rate as in the darkness (Poorter et al. 
1992; Atkin et al. 1997; Hurry et al. 1996). The absence of light inhibition 
of RR at elevated CO2 concentrations, in which case oxygenase activity is 
suppressed, supports the hypothesis that TCA-cycle activity is suppressed 
by the glycolate cycle (Hurry et al. 1996). It has been shown that the 
differences in light inhibition in different species are not related to the 
rate of photosynthesis but are rather associated with the rate of respiration 
in the darkness (Atkin et al. 1998). The mechanisms of the inhibition of 
respiration in the light and the causes of its great variability are still not 
completely understood. However, understanding the degree of reduction 
of respiration rate in the light is of major signifi cance for predicting plant 
photosynthetic productivity in the fi eld (Niinemets 2014; Way, Yamori 
2014; Atkin et al. 2015).

2.2.4. Infl uences of previous light period on dark respiration

Light intensity during plant growth affects RD. In high-light-grown 
plants RD is signifi cantly higher than in low-light-grown plants. Plant 
leaf anatomy and photosynthetic characteristics depend on irradiance 
during plant growth. Therefore, higher RD may be explained by the higher 
rates of photosynthesis and larger amount of accumulated photosynthates 
during the preceding light period. RD in light and shade leaves is strongly 
responsive to irradiation of leaves during their growth (Piel et al. 2002).

In darkness immediately after a period of illumination, R is temporarily 
stimulated. This peak of CO2 evolution is termed ‘light-enhanced dark 
respiration’ (LEDR) and is defi ned as the transitory increase in rate of 
release of CO2 by leaves just after transfer from the light to the dark. 
LEDR increased with increasing irradiance during the pre-dark period, 
suggesting its dependency on prior photosynthesis. The higher rate of 
dark CO2 effl ux following photosynthesis is correlated with an increase 
in several carbohydrate fractions in the leaf (Azcón-Bieto, Osmond 1983). 
It is assumed that light-responsive enzymes and metabolites affecting 
this respiratory fl ux and electron partitioning would have returned to 
dark levels by the end of LEDR period. A hypothesis is set that malate 
derived from PEP is used for decarboxylation during the LEDR peak 
as the decline of the malate content parallels CO2 evolution by LEDR 
(Barbour et al. 2007, Gessler et al. 2009).
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Tcherkez et al. (2012) concluded that the inhibition of key respiratory 
enzymes and the non-cyclic nature of the TCA pathway in the light allow 
to build up malate and fumarate pools, which are rapidly decarboxylated 
during LEDR when leaves are darkened. After 30 minutes of darkness, 
a relatively steady rate of CO2 effl ux is obtained. The infl uence of the 
previous light period on respiratory metabolism may last even more than 
30 min, and dark respiration is usually measured under conditions in 
which the concentrations of metabolites are still strongly infl uenced by 
the previous light conditions (Florez-Sarasa et al. 2012). LEDR is shown 
to be independent of CO2 and O2 concentrations and it increases with 
increasing irradiance during the pre-dark period (Atkin et al. 1998). A 
close correlation has been found between the degree of light inhibition of 
day respiration (CO2 evolution) and the extent by which the LEDR peak 
respiration exceeds the steady-state rate of dark respiration suggesting 
the existence of a common mechanism being responsible for both the 
inhibition of RL by light and LEDR (Atkin et al. 1998).

2.3. Regulation of  photorespiration by environmental factors

The rate of photorespiration is determined by its fi rst reaction, oxygenation 
of RuBP that is driven by Rubisco. The ratio of carboxylation to 
oxygenation of Rubisco depends on the CO2/O2 concentration ratio and 
temperature (Buchanan et al. 2000). Infl uence of the concentrations of 
CO2 and O2 is determined mainly by the kinetic parameters of Rubisco 
described by its specificity factor (Tcherkez et al. 2006). Specificity 
to CO2 and O2 may be modified by other external factors. With 
increasing temperatures, the specifi city of Rubisco for CO2 decreases 
(Brooks, Farquhar 1985). Furthermore, the solubility of CO2 relative to 
O2 decreases, resulting in enhanced rates of photorespiration at high 
temperatures. Linear dependence of photorespiration on O2 concentration 
has been concluded from the proportionality of the photosynthetic CO2 
compensation point and oxygen concentration in a wide range of O2 
concentrations (Forrester et al. 1966). At moderately high temperature 
both the rates of RuBP carboxylation and oxygenation are reversibly 
inhibited due to loss of the activity of Rubisco activase (Salvucci et al. 
2001; Kim, Portis 2005).

Understanding of the relationships between photorespiration and 
non-photorespiratory respiratory processes in the light is incomplete, 
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and processes operative over various time scales seem to play a role. 
Photorespiration is suggested to be involved in the inhibition of pyruvate 
dehydrogenase, an enzyme which has been shown to be down-regulated 
by NH3, a by-product of the photorespiratory glycine  decarboxylation 
(Krömer 1995). Low photorespiration rates should decrease day respiration 
and TCA cycle activity (Buckley, Adams 2011). In soybean leaves grown 
under high CO2 concentration, an increased transcript abundance 
associated with TCA pathway enzymes has been demonstrated (Leakey 
et al. 2009).
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3. AIMS OF THE STUDY

The current state of knowledge about plant respiratory metabolism and 
its regulation demonstrates that there are major gaps in knowledge of 
how CO2 evolution and underlying metabolic processes vary with changes 
in environmental conditions and how species vary in their control of 
respiration rates in changing environment. 

Regulatory mechanisms for respiration and photorespiration including 
regulation of enzyme activity, availability of substrates and/or energetic 
cofactors, and changes of redox state in different cell compartments 
have been described but it remains unclear which of them are realized 
in response to environmental factors.

The aim of this work was to establish what determines the rate of 
respiratory and photorespiratory decarboxylations and what are their 
substrates in plant leaf under different environmental conditions in 
species with varying photoassimilate partitioning patterns and in 
genetically modifi ed plants with altered sites in metabolic pathways of 
photorespiration or respiration. For this purpose, a combined radio-
gasometric method was used to determine:

- the rate and substrates  of  decarboxylation components under 
different environmental conditions (temperature, irradiance, 
concentrations of  CO2 and O2);

- the degree of  suppression of  respiration;
- contribution of  starch and sucrose as substrates of  respiratory 

and photorespiratory decarboxylations in species with varying 
rates of  partitioning of  photosynthates among sucrose and 
starch;

- the rates and relations of  respiratory and photorespiratory 
decarboxylations in genetically modifi ed plants.
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4. MATERIAL AND METHODS

4.1. Plants

Plants of wheat (Triticum aestivum L.), tobacco (Nicotiana tabacum L.), 
barley (Hordeum vulgare L.), rye (Secale cereale L.), Poa trivialis L., Plantago 
lanceolata L., cucumber (Cucumis sativus L.), potato (Solanum tuberosum L.) 
and arabidopsis (Arabidopsis thaliana (L.) Heynh.) were grown in soil under 
combined illumination of metal-halogen lamps Powerstar HQI-T 400 W/D 
(Osram, Germany) or high-pressure sodium discharge lamps LU400/
HO/T/40NG (Lucalox, Hungary) combined with high-pressure mercury-
vapor fl uorescent lamps LRF 250 W E40 (Polamp, Poland) at irradiance 
on the level of leaves 250–300 μmol m–2 s–1; the light/dark period was 
16/8 h, temperature 22/16 °C and air humidity 50%, except for Arabidopsis 
grown at the irradiance 150 μmol m–2 s–1 and photoperiod 8/16 h. All 
measurements were carried out with fully expanded attached leaves during 
the second half of photoperiod (3–8 h after switching on the light) under 
environmental conditions indicated in description of the corresponding 
experiment. Fully expanded mature leaves of aspen (Populus tremula L.) 
for pulse-chase experiments were collected from a large tree growing at 
a woody meadow (59° 22’ N, 24° 34’ E).

Cucumber seeds (Cucumis sativus L. cv. Borszczagowski and  mitochondrial 
mutant MSC16) were supplied by the Department of Plant Genetics, 
Breeding and Biotechnology, Warsaw University of Life Sciences). 
Transgenic plants of potato (Solanum tuberosum L. cv. Désirée) with 
antisense inhibition of P-protein of glycine decarboxylase complex lines 
P1 and P15 (Heineke et al. 2001) were used in the experiments.

4.2. Measurement system

Experiments were carried out in the system consisting of a quick-
operating exposure chamber (Pärnik et al. 1987) and two gas systems: 
(1) an open system for maintaining steady state and for measurements 
of photosynthetic and respiratory rates of CO2 fl uxes with 12CO2 and 
(2) a closed system for leaf exposure to 14CO2 and for measurements of 
components of CO2 exchange. The main parameters of the chamber 
are the following: volume 11.2 cm3, leaf area in the chamber 11–17 cm2, 
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half-saturation time of the chamber with 14CO2 at the gas fl ow rate of 140 
cm3 s-1 0.06 s; exposure duration could be varied from 0.2 s to 40 min. 
Gas fl ows were commutated with the aid of membrane-electromagnetic 
valves operated by a computer.

4.3. Gasometric measurements

The components of 12CO2 exchange – net photosynthesis (PN), respiration 
in the dark (RD), and CO2 efflux into CO2-free atmosphere – were 
measured in the open one-channel gas system with a LI-6262 CO2/
H2O analyser (Li-COR, USA), calibrated for CO2 and O2 by means of a 
precise CO2  and O2 mixer (Laisk, Oja 1998). Transpiration was estimated 
with a psychrometer calibrated with dry air (Laisk, Oja 1998).

4.4. Radiogasometric measurements

The method for measurement of components of decarboxylation is 
described in detail in Pärnik and Keerberg (1995, 2007). The method 
enables estimation of four intracellular components of decarboxylation 
(Fig. 3):
(1) photorespiratory decarboxylation of primary photosynthates     RPA
(2) respiratory decarboxylation of primary photosynthates              RRA
(3) photorespiratory decarboxylation of stored photosynthates        RPS
(4) respiratory decarboxylation of stored photosynthates                 RRS.

Decarboxylations of primary and stored photosynthates can be 
distinguished on the basis of their different labeling kinetics (Fig. 3). 
During exposure in 14CO2 primary photosynthates are saturated with 
the label during 10–15 min while stored photosynthates require a 2–3-h 
exposure for saturation.

Discrimination between photorespiration and respiration is based on 
their different dependence on oxygen concentration, assuming that 
photorespiration is linearly dependent on O2 up to 210 mmol mol-1 
while respiration becomes saturated with oxygen at about 15 mmol 
mol-1 (Pärnik, Keerberg 1995, Laisk et al. 2007). Determination of 
intracellular refi xation of respiratory CO2 is based on the assumption 
that the probability of refi xation of 14CO2 evolved inside the cell is close 
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to zero when measurements are performed at high concentrations (30 
mmol mol-1) of 12CO2 (Pärnik, Keerberg 2007).

Figure 3. Fluxes of 14CO2 evolved from leaf at the expense of decarboxylation of 
primary (A) and stored (B) photosynthates.

All CO2 fl uxes were estimated on the same leaf (or set of leaves). Protocol 
of measurements (Table) describes in detail the conditions and durations 
of the consecutive steps of the procedure. Duration of pre-illumination 
was on average 15 min (until steady-state rate of photosynthesis was 
achieved). The rates of net photosynthesis (PN) were measured during pre-
illumination for every step and the mean values for both concentrations 
of O2 were calculated. Dark respiration (RD) was measured gasometrically 
during the dark period before measurements of 14CO2 evolution and, 
additionally, by radio-gasometric method (Table, C). RD values measured 
by two different methods are in good agreement.
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4.5. Pulse-chase experiments

The conversion of starch and soluble compounds was studied in pulse-
chase experiments (Pärnik, Keerberg 2007). Leaves were fi rst illuminated 
for 20 min in a medium containing 400 cm3 m-3 14CO2 at 25 ºC air 
temperature. After that, a disc (diameter 20 mm) was cut from one side 
of each leaf blade, and radioactivity and content of soluble compounds 
and starch were determined separately in all leaf discs. Leaves with the 
remaining tissue were thereafter transferred into the non-radioactive 
medium, where they were kept for 30 min in the dark at air temperatures 
of 25, 38 or 50 ºC (chase). After that, leaf discs (diameter 20 mm) were 
cut from the other side of the leaf blade, radioactivity and content of 
the soluble compounds and starch were determined and compared with 
their radioactivity and content in the discs excised from the fi rst side of 
corresponding leaves before the 30-min dark phase. From the specifi c 
radioactivity of 14CO2 fed to the leaves, the molar amounts of carbon 
fi xed in different fractions at the 20-min pulse and their changes during 
the subsequent chase were calculated.

4.6. Analysis of  photosynthates

Leaves were killed in boiling 80% (v/v) aqueous ethanol and after 
that extracted twice more in boiling 80% ethanol and once in boiling 
acidifi ed ethanol. Extracts were combined and the radioactivity of soluble 
compounds was determined in the liquid scintillation counter LS 100C 
(BECKMAN, USA). The pellet remaining after extraction of soluble 
photosynthates was digested enzymatically using α-amylase and the 
radioactivity of soluble products from starch hydrolysis was determined 
as described above.
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5. RESULTS

5.1. Decarboxylation in the dark

5.1.1. Availability of substrates for respiration

Plants with different ability of starch synthesis were used to estimate the 
contribution of different stored photosynthates, starch and sucrose to 
decarboxylation. The species studied can be divided into two contrasting 
groups differing in the rates of starch synthesis. In the leaves of starch-
accumulating (SA) plants including Solanum tuberosum, Helianthus annuus, 
Arabidopsis thaliana, and Plantago lanceolata, 28–44% (II), in Cucumis sativus 
more than 50% (Table 2 in V) of the photosynthetically fi xed carbon 
was incorporated into starch. In the second group, starch-defi cient (SD) 
plants including grasses Hordeum vulgare, Triticum aestivum, Secale cereale, and 
Poa trivialis, less than 8% of fi xed carbon was used for starch synthesis. 
Rates of starch synthesis were calculated from its labeling curves in leaves 
irradiated for different periods in the medium of 14CO2 (Fig. 4).

Figure 4. The absolute (A) and relative (B) radioactivity of starch as a function of 
the duration of exposure of leaves to 14CO2 under steady-state photosynthesis (III).
Symbols represent the experimental points, curves are the theoretical values calculated 
by fi tting the experimental points to analytical labeling functions by means of nonlinear 
regression procedure (Keerberg et al. 2011).

The rate of respiration in the dark depends on the availability of substrates 
accumulated during the previous light period. Substrates for respiration 
in the dark are derived exclusively from stored photosynthates. The rate 
of respiration in the dark (RD or RRS at zero irradiance) of high-light-
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grown plants (Fig. 5B) was signifi cantly higher compared to low-light-
grown plants (Fig. 5A). Mean values of RD were 2.40±0.10 and 0.80±0.08 
μmol m-2 s-1 for SA plants and 0.50±0.03 and 0.42±0.02 μmol m-2 s-1 for 
SD plants grown at irradiances 750 μmol m-2 s-1 and 120 μmol m-2s-1, 
respectively. When rates of respiration in the dark (RD) were plotted against 
the rates of carboxylation (PC measured at growth irradiance) during the 
preceding light period, a good positive correlation was found (Fig. 6). 
These results suggest that rate of respiration in the dark is determined, 
at least partially, by carbohydrate status and substrate availability.

Figure 5. Dependence of the rate of respiratory decarboxylation of stored photosynthates 
(RRS) on the irradiance at different concentrations of CO2 (15 mmol mol-1 O2) (I).
Experiments were performed with plants of Helianthus annuus and Triticum aestivum grown 
(A) under low (120 μmol m-2 s-1) and (B) under high (750 μmol m-2 s-1) irradiances.

Figure 6. Dependence of the rate of 
respiration in the dark (RD) on the rate 
of carboxylation (PC) during growth of 
plants under different irradiances (I). 
RD was determined 30 min after turning 
off the light. Respiration was measured 
at 360 μmol mol-1 CO2 and 210 mmol 
mol-1 O2.

The difference of mean RD values of all SA and SD species under 
investigation was 1.5-fold (Table 1 in II) but RD values of individual 
species differed even more. RD of Helianthus annuus (a SA plant) was about 
2.4 times higher than in SD plant Triticum vulgare (Fig. 5). The higher RD 
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of SA plants may be caused by consumption of starch as substrate of 
decarboxylation.

5.1.2. Infl uence of external factors on decarboxylation in the dark

Respiration in the dark under different CO2 concentrations was studied 
(I). The rate of respiration in the dark was not affected by elevation of 
CO2 concentration from 360 μmol mol-1 to 30 mmol mol-1 (Fig. 7). No 
suppression of RD was detected at elevated CO2 concentration.

Figure 7. The amount of 14CO2 evolved from labeled stored photosynthates into 
medium with different concentrations of 12CO2 in the dark (I).
Leaves of Arabidopsis thaliana were exposed to 14CO2 for 3 h and after that illuminated 
for 30 min in an atmosphere of 12CO2. 

14CO2 effl ux was registered fi rst in the medium 
containing 360 μmol mol-1 12CO2. At the moment shown by the arrow, the concentration 
of 12CO2 was raised to 30 mmol mol-1.

Oxygen dependence of the decarboxylation of stored photosynthates 
was measured at different CO2 concentrations. Respiration in the dark 
is saturated with oxygen at low concentrations, about 15 mmol mol-1. No 
differences were found in RRS measured in the dark at 2300 μmol mol-1 
CO2 at 210 and 15 mmol mol-1 O2 (Fig. 8).
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Fi g u re  8 .  R ate s  of  r e sp i r a tor y 
decarboxylation of stored photosynthates 
in leaves of Secale cereale at different 
concentrations of O2 and CO2 in the light 
(750 μmol m-2 s-1) and in the dark (I).
The results are means ±SE of three 
measurements on different leaves.

Temperature has been shown to exert signifi cant infl uence on respiration. 
Dark respiration RD increased at a faster rate at higher temperatures, i.e. 
temperature curve exhibited a breakpoint (Fig. 9A). Starch degradation 
revealed a similar temperature-response curve with a breakpoint at high 
temperatures (Fig. 9B).

Figure 9. Temperature responses of RD (A) and rates of conversion of pulse-labeled 
compounds (B) in leaves of Populus tremula (adapted from IV)

The changes in total (non-labeled) content of starch determined before 
and after a 30-min storage period of leaves in the dark at different 
temperatures was in good accordance with the 50% decrease in the 
amount of pulse-labeled starch during a 30-min chase in the dark (Table 
1 in IV). Acceleration of starch breakdown may be one of the reasons for 
the observed high-temperature rise in respiration. This is confi rmed by 
the fact that plants with low starch content in leaves (Triticum aestivum, a 
starch-defi cient plant) have no abrupt increase of RD at high temperature 
(Fig. 10).
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Figure 10. Rates of respiration in the dark in 
leaves of starch-accumulating species Helianthus 
annuus and Arabidopsis thaliana and of starch-
deficient Triticum aestivum at different leaf 
temperatures (IV).

5.2. Decarboxylation in the light

Under illumination both primary and stored photosynthates are consumed 
as substrates of respiration. Under photorespiratory conditions the rate 
of photorespiratory decarboxylation exceeds several times the rate of 
respiratory decarboxylation, the latter being suppressed by the light. 
Primary photosynthates are metabolized mainly via photorespiratory 
cycle but partly also via glycolysis and TCA cycle. Our earlier results 
demonstrated exceptionally high rates of light-dependent decarboxylation 
of primary photosynthates in some C3 species under non-photorespiratory 
conditions and its relations with the metabolism of C4-organic acids 
(Ivanova et al. 1993). Stored photosynthates are preferable substrates 
for respiratory decarboxylations but may also be decarboxylated via 
photorespiration. Measurements of CO2 exchange components in the 
leaves of C3 species (I, III, IV) showed that the relative rates of these 
components are modifi ed by external and internal factors.

5.2.1. Suppression of respiration by light

Under low and normal CO2 concentrations (40–360 μmol mol-1), the total 
rate of respiration (RR) in the light was three to four times lower than 
in the dark (Table 1 in I). The decarboxylation of stored photosynthates 
(RRS) was inhibited by light even more severely (8–11 times). Inhibition of 
decarboxylation of stored photosynthates was initiated at low irradiances 
(less than 22 μmol m-2 s-1) and it reached a stable level at about 100 μmol 
m-2 s-1 (Fig. 5A, B and I), an irradiance four to fi ve times lower than that 
needed for saturation of photosynthesis. The extent of light suppression 
of respiration was dependent on CO2 concentration. The decrease in 
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photorespiration at elevated CO2 concentration was partially compensated 
by the increase in respiration (Figs. 11, 12). Light severely inhibited the 
respiratory decarboxylation of stored photosynthates at 360 μmol mol-1 
CO2, but practically no inhibition was detected at 30 mmol mol-1 CO2.

Figure 11. Relative rates of photorespiration and respiration in the light at different 
intercellular concentrations of CO2. The values are taken from experiments with 
Plantago lanceolata, Poa trivialis and Secale cereale. 
The results are means ±SE of three measurements on different leaves. CW, concentration 
of CO2 in liquid phase in mesophyll cell walls (gas-phase equivalent concentration, I).

Figure 12. Rates of respiratory decarboxylations of stored photosynthates in leaves 
of different C3 species in the dark (RD) and in the light (RRS) at normal and elevated 
concentrations of CO2 (I).
Measurements were performed at 15 mmol mol-1 O2, irradiance 750 μmol m-2 s-1. The 
results are means ±SE of three measurements on different leaves.
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5.2.2. Rates of respiratory and photorespiratory decarboxylations 
in C

3
 species with different rates of starch synthesis

The average rates of PT were similar in SA and SD species. In all 
species, the prevailing decarboxylation mechanism was photorespiratory 
decarboxylation characterized by a rate four to seven times exceeding the 
rate of respiratory decarboxylation. No signifi cant differences between SA 
and SD species were found in the molar rates of total, photorespiratory, 
and respiratory decarboxylations and in their ratios to the rate of PT in 
the light (Table 1 in II).

The prevailing substrates of decarboxylation in the light were primary 
photosynthates. The average rate of consumption of primary photosynthates 
(RA) exceeded that of stored photosynthates (RS) in SA species six times 
and in SD species three times (Table 2 in II). Primary photosynthates 
were used mainly in photorespiratory decarboxylations (86% of the total 
rate). The rate of decarboxylation of primary photosynthates (RA/PT) 
made 13–17% of the rate of PT. Stored photosynthates were also used in 
both types of decarboxylations, preferably in photorespiration. No large 
differences between SA and SD species were detected in molar rates of 
decarboxylation components.

The degree of inhibition of respiration by light was in SA species higher 
than in SD species. In SA species RD was about 1.5 times higher and 
the ratio RR/RD two-fold lower than in SD species. Thus, in SA species 
light suppressed respiration four times while in SD species only two 
times (II). This suppression in SA plants was not compensated for by the 
additional supply of respiratory substrates from primary photosynthates 
in the light. It has been reported that the rate of respiration in the light 
is generally lower than in the dark. In our experiments, respiration as a 
sum of decarboxylation of primary and stored photosynthates was not 
affected by light in SD plants, but was inhibited in starch-accumulating 
plants (Fig. 13). In cereals (SD), the rate of decarboxylation of stored 
photosynthates was less than two times lower in the light than in the dark, 
and this suppression was compensated by decarboxylation of primary 
photosynthates.

Thus, these data demonstrate that starch does not provide substrates 
for respiratory and photorespiratory decarboxylations in the light in 
photosynthesizing leaves.
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Figure 13. Rates of respiratory 
decarboxylation of primary and stored 
photosynthates in the dark and light 
in leaves of six C3 species (IV).

The rates of consumption of stored photosynthates in decarboxylations 
were in SA species even lower than in SD species. Signifi cant differences 
between SA and SD species were found in the ratios of decarboxylation 
of stored photosynthates in the light to the rate of respiration in the dark 
(RS/RD and RRS/RD). In the dark only stored photosynthates can be used 
in respiratory decarboxylations (there are no primary photosynthates 
and no photorespiration). The corresponding component in the light is 
RRS. In SD species, light suppressed the respiratory decarboxylation of 
stored photosynthates on average four times while in SA species up to 
15-fold suppression was found (compare values of RRS and RD in Tables 
2 and 1 in II). The ratio RRS/RD was signifi cantly higher in SD species 
compared to SA species. The differences of these ratios were derived from 
the higher RD and from the lower rates of respiratory decarboxylation 
of stored photosynthates in the light in SA species compared to SD 
species (Tables 1 and 2 in II). The latter may be explained by the higher 
content of soluble stored photosynthates in SD species. The lower rates 
of decarboxylation of stored photosynthates in SA species indicate that 
products of starch breakdown did not compensate the lower content of 
soluble photosynthates, the fact pointing to the possibility that starch 
was not metabolized in the light.

5.2.3. Effects of O
2 
 and CO

2
 concentrations

Photorespiration (RP) and respiration (RR) are distinguished on the basis of 
oxygen dependence of CO2 evolution. The rates of the reaction of RuBP 
oxygenation and RP are determined by the characteristics of Rubisco 
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and are linearly dependent on O2 concentration up to 210 mmol mol-1 
O2. Fig. 14 shows the proportionality between RP/PC and 1/CW (CW, the 
concentration of CO2 within mesophyll cell walls). This means that, in 
photosynthesizing leaves, the ratio of photorespiration to carboxylation 
is determined by Rubisco properties only. The results indicate that, at a 
fi xed oxygen level, the relative rate of photorespiratory decarboxylation 
in studied C3 plants depends only on CO2 concentration.

F i g u r e  14 .  P h o t o r e s p i r a t i o n : 
carboxylation ratio (RP/PC) as a function 
of 1/CW in six C3 species. 
CW - Liquid-phase CO2 concentration in 
mesophyll cell walls; l Triticum aestivum; 
¡  Hordeum vulgare ; r  Secale cereale ; 
p Solanum tuberosum; £ Nicotiana tabacum; 
¯ Arabidopsis thaliana (IV).

The effects of oxygen concentration on the rate of respiration in the light 
under different CO2 concentrations were studied. The results confi rm the 
assumption that RR is saturated at about 15 mmol mol-1 O2 just like RD. No 
differences were found in the rates of respiratory decarboxylation of stored 
photosynthates at 15 and 210 mmol mol-1 O2 under non-photorespiratory 
conditions (at 2300 μmol mol-1 CO2) in the light (Fig. 8). At both O2 
concentrations the rate of decarboxylation of stored photosynthates in 
the light was signifi cantly lower than the rate of respiration measured 
in the dark, suggesting that respiration was suppressed by light in non-
photorespiratory conditions. Under photorespiratory conditions (at 360 
μmol mol-1 CO2), the rate of decarboxylation of stored photosynthates was 
at 210 mmol mol-1 O2 signifi cantly higher than at 15 mmol mol-1 O2 but 
lower than respiration in the dark suggesting that stored photosynthates 
were partly consumed as substrates in photorespiratory decarboxylations.

Under low CO2 concentration, the substrates of decarboxylation reactions 
were derived mainly from stored photosynthates, while under normal 
CO2 concentration primary photosynthates were preferentially consumed. 
An increase from 320 to 2300 μmol mol-1 CO2 brought about a fourfold 
decrease in the rate of photorespiration with a concomitant 50% increase 
in the rate of respiration in the light (Table 1 in I).
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5.2.4. Temperature dependence of respiration in the light

The rates of respiratory and photorespiratory decarboxylation in plant 
leaves are differently affected by temperature. Our earlier measurements at 
5° and 25 °C have shown that in SD plants decarboxylation linked to TCA 
cycle continues in the light at the rate comparable with the rate in darkness, 
but different substrates are used in the light and in the dark (Fig. 13). 
Light suppressed decarboxylation of stored photosynthates two times at 
both temperatures (Pärnik et al. 1998). With lowering temperature the rate 
of oxygenation decreased to a greater extent than that of carboxylation. 
The main substrates of decarboxylation were primary photosynthates, 
but the contribution of stored photosynthates increased from 19% at 25 
°C to 45% at 5 °C (Fig. 15).

Figure 15. Components of respiration in leaves of rye at different ambient air 
temperatures (adapted from Pärnik et al. 1998).

Raising the temperature of P. tremula leaves above 40 °C in the dark resulted 
in an abrupt increase in the rates of respiration and starch degradation 
(Fig. 9). To elucidate the effects of high temperatures on respiration in 
the light, the rates of respiratory decarboxylation of stored photosynthates 
and degradation of pulse-labeled starch at different temperatures were 
determined (Fig. 16).
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Figure 16. Temperature curves of decarboxylation of stored photosynthates in the 
light (A) and of degradation of pulse-labeled (pulse 8 min, chase 10 min) starch in 
the light and in the dark (B) in the leaves of Arabidopsis thaliana (unpublished data).
Rates of total and respiratory decarboxylations of stored photosynthates in the light 
were measured radiogasometrically at oxygen concentrations 210 and 15 mmol mol-1, 
respectively. Pulses (irradiance 150 μmol m-2 s-1) at 23 °C. 

In the light at moderately high temperatures (20–40 °C), the rates of 
total and respiratory decarboxylation of stored photosynthates did not 
depend on temperature (Fig. 16A). Under these conditions degradation of 
starch was blocked, the rates of its degradation acquired negative values 
(Fig. 16B). The block was removed at temperatures higher than 40 °C at 
which an extensive degradation of starch and respiratory decarboxylation 
of stored photosynthates were observed both in the light and in the dark 
(Fig. 17).

Figure 17. Rates of conversion of pre-labeled 
(8 min, 14CO2) photosynthates during 10-min 
storage of leaves of Arabidopsis in the medium 
of 12CO2 at different air temperatures in the 
light (soluble compounds – light symbols, 
starch – black symbols; unpublished data).

Thus, the abrupt rise in respiration under high temperature could 
be explained by the increased availability of substrates derived from 
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degradation of starch. Under low and moderate temperatures the substrates 
of respiration are derived from soluble photosynthates, exhibiting 
breakdown at temperatures from 5 °C to 40 °C and accumulation at 
temperatures higher than 40 °C, the latter probably at the expense of 
substrates derived from degradation of starch (Fig. 17).

5.3. Decarboxylation in plants with modifi ed genome

5.3.1. Mitochondrial mutant of cucumber

MSC16 mutant of cucumber (Cucumis sativus L.) is characterized by lower 
activity of mitochondrial complex I that is central to ATP production 
in mitochondria. Dark respiration rate (RD) measured as CO2 evolution 
was in MSC16 plants about 20% lower than in WT plants (Table 1 in V). 
The total decarboxylation in the light (R) was similar in MSC16 and WT 
plants (Table 1 in V). In the light the main process of CO2 evolution was 
photorespiration (RP), about 90% of total decarboxylation in both WT and 
MSC16 plants. The prevailing substrates for decarboxylation were primary 
photosynthates (86–89%). Stored photosynthates were also consumed 
mainly in photorespiratory decarboxylation (80% in WT and 70% in 
MSC16 plants). In both WT and MSC16 plants, light suppressed the 
respiratory decarboxylation of stored photosynthates (the only component 
operative in the dark) by about 93%. The total rate of respiration in the 
light (RR) including respiratory decarboxylation of primary photosynthates) 
was about 75% lower than in the dark (Table 1 in V).

5.3.2. Photorespiratory transformants of potato

Potato (Solanum tuberosum L. cv. Désirée) wild type (WT) plants 
and  transformants (P1 and P15) with different degree of the glycine 
decarboxylase complex (GDC) expression were used to study the 
interaction between respiration and photorespiration (VI). In mutants 
with limited GDC expression glycolate was metabolized to glycine 
but due to decreased rate of decarboxylation glycine was accumulated. 
No differences between WT and the transformants were found in 
the relative rate of total intracellular decarboxylation (RP + RR) in the 
light suggesting that transformants had no advantages over WT with 
respect to respiratory losses during photosynthesis (Fig. 18). The main 
substrates for decarboxylation in the light were primary photosynthates, 
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whereas the contribution of stored photosynthates was 15–25% of the 
total rate of decarboxylation. The rate of photorespiration exceeded the 
rate of respiration 7.5 times in control plants and only 1.8–2.5 times 
in transformants. The suppression of photorespiratory decarboxylation 
was compensated by the higher rates of respiration in transformants. 
Light severely inhibited respiratory component of decarboxylation in 
the control plants but signifi cantly less in transformants with suppressed 
photorespiratory decarboxylation (Table 1 in VI). RD in leaves of potato 
control plants was 30–40% higher than in transformants with limited 
expression of glycine decarboxylase.

Rates of respiratory CO2 fl uxes in plant leaf are regulated by availability 
of substrates, activity of enzymes in respiratory (and photorespiratory) 
pathways and energy supply of the plant cell. Effects of external 
environmental factors on respiration are mediated by these internal ones. 
However, it is often diffi cult to establish which of them is limiting the 
rate of respiration under certain conditions.

Figure 18. Substrates and mechanisms of decarboxylation in the light in leaves of 
transformants and control plants of potato (VI).
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6. DISCUSSION

6.1. Availability of  respiratory substrates in the dark

In this work respiration in plant species with different ability to synthesize 
and accumulate starch (SA and SD plants) was compared. Metabolic 
differences between SD and SA plants are based on the activity of 
enzymes of starch and sucrose synthesis and conversion which specifi cally 
determine the accumulation and transport of the assimilated compounds. 
Starch and sucrose are the main stored products of photosynthesis 
exhibiting different functions. Sucrose is the compound for transport 
and immediate consumption, starch serves for temporary accumulation 
in chloroplast and consumption in the case when net photosynthesis 
reaches zero. These functions are refl ected also in different availability 
of starch and sucrose as substrates for decarboxylation.

Plant leaf anatomy and photosynthetic characteristics depend on irradiance 
during plant growth. In high-light-grown plants of sunfl ower, a SA species, 
RD was signifi cantly higher than in low-light-grown plants (Fig. 4). Higher 
RD in high-light-grown plants may be explained by the higher rates of 
photosynthesis and a larger amount of stored photosynthates accumulated 
during preceding light period demonstrating the signifi cance of substrate 
availability for respiration. Similar results from other authors also confi rm 
that RD is strongly responsive to irradiance, even in light and shade leaves 
of the same plant of walnut (Piel et al. 2002), a deciduous tree accumulating 
starch during photosynthesis (Magel et al. 2000) as a typical SA plant. No 
signifi cant effect of irradiance during plant growth was seen in wheat 
leaves (of a SD plant) (Fig. 4).

The results show an essential role of substrate availability to determine 
the rate of respiration in the dark. The signifi cantly higher rate of RD in 
SA plants may have been brought about by additional consumption of 
starch as a substrate for respiration and may be therefore explained by the 
availability of large quantities of starch. Although the pathway of starch 
degradation in leaves is well established (Lloyd et al. 2005), the mechanism 
of regulation of the rate of dark respiration by its substrates is not fully 
understood. Several regulatory processes control degradation of starch 
to ensure an optimal and stable carbon supply during the whole dark 
period. It has been shown that circadian clock and signaling molecules 
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from carbohydrate metabolism are involved in controlling activity of 
enzymes, probably by redox regulation (Graf, Smith 2011).

Temperature effects on respiration are mainly considered to be the result 
of temperature dependence of enzymes and/or limitation of respiration 
by the availability of substrates or adenylates. Transition from enzymatic 
control to limitation by adenylate/substrate supply is suggested to be 
one cause for the variations of Q10 (Atkin et al. 2005). In this thesis    it 
is suggested that the abrupt rise of respiration at high temperature is 
brought about by additional substrates derived from the accelerated starch 
breakdown (Fig. 9). The absence of breakpoint in SD plants confi rms 
this viewpoint (Fig. 10).

6.2. Respiratory decarboxylations in the light

The reactions of non-photorespiratory decarboxylation were suppressed 
in the light. The large variability of data on the extent of light inhibition 
of respiration in different species (Atkin, Evans et al. 2000, Hurry et al. 
2005) may be at least partly explained by the difference between SD and 
SA species. Higher rates of respiration in the dark measured in SA species 
and rates of respiration in the light equal to those in SD species resulted in 
the higher extent of light inhibition of respiration in SA species (II, III).

In the light different metabolites including primary and stored 
photosynthates are available and are used as substrates of respiration 
as well as photorespiration. Photorespiration as the main component of 
decarboxylation in the light is tightly connected with photosynthesis and 
infl uenced by the same environmental factors (CO2 and O2 concentration, 
temperature) but in different directions.

Variation of the rate of respiration in the light and different suppression of 
respiration by light cannot be explained only by the content of respiratory 
substrates. It may be assumed that more complicated mechanisms 
including regulation by redox state or the  level of adenylates in the cell 
are involved in the control of respiratory metabolism in illuminated leaves.

The pulse-chase experiments confi rmed that starch degradation is blocked 
in the light at normal and moderately high temperatures (Figs. 16, 17). 
The mechanisms blocking and releasing degradation of starch are still not 
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known (Smith et al. 2005). Starch degradation begins under conditions in 
which photosynthesis is absent – in the dark, at extremely high temperature 
or at the absence of CO2 (Keerberg et al. 2005). Therefore, it may be 
related to the redox state in the chloroplasts. Redox sensitivity of several 
enzymes of starch metabolism, such as isoamylase complex, dextrinase, 
starch synthases, and the starch branching enzyme has been demonstrated 
(Glaring et al. 2012). Recently a new redox-regulated α-amylase (AtAMY3) 
was described (Seung  et al. 2013). The unique properties of this enzyme 
suggest that this enzyme may be an essential step in regulation of starch 
degradation in vivo, especially at light/dark regulation.

Theoretical attempts have been made to describe the dependence of 
nonphotorespiratory CO2 release on energy balance. An analytical model
based on steady-state supply and demand for ATP, NADH and NADPH
(Buckley, Adams 2011) predicts that suppression of respiration by light is
largely controlled by photosynthetic adenylate balance, and photorespiratory 
NADH may contribute at sub-saturating light. The model supports the 
interpretation of the results of current thesis concerning  the balance 
between respiration and photorespiration. 

6.3. Interactions of  respiration and photorespiration

Measurement of CO2 fl uxes confi rmed that both primary and stored 
photosynthates are used as substrates for photorespiratory and respiratory 
decarboxylation. It means that a portion of primary photosynthates 
transported out of chloroplast is used as substrates of respiration. At the 
same time, a part of stored products is transported back to the chloroplast 
and used for RuBP regeneration and photorespiratory decarboxylation. 
Under normal atmospheric conditions and at normal temperature only 
soluble stored photosynthates – mostly sucrose and to a lesser extent 
hexoses and oligosaccharides – may be used in this way.

It may be suggested that these translocations of photosynthates are 
controlled by the energy balance between different cell compartments. 
Although there exist enzymes for ATP transport through the membranes, 
most of ATP and reductants (NADPH, NADH) are translocated through 
chloroplast and mitochondrion membranes by metabolic shuttles (Noctor, 
Foyer 2000). Mainly two shuttle systems transfer reductants out of 
chloroplast: triose phosphate exchange for 3-phosphoglycerate catalyzed 



45

by the triose phosphate/Pi translocator (Flügge et al. 2011) and a shuttle 
composed of malate dehydrogenases and malate-oxaloacetate exchange 
transporters (Weber, Fischer 2007). Malate/oxaloacetate shuttle operates 
also in transfer of reductants and metabolites between the cytosol and 
the mitochondria. It is unclear what is the predominant direction of 
reductant transport in illuminated leaves (Nogushi, Yoshida 2008). As the 
result of the operation of the metabolic shuttles, pools of metabolites in 
different compartments are mixed. It may be assumed that the proportion 
of primary and stored photosynthates consumed in respiration and 
photorespiration refl ects the energy balance of the cell.

Measurement of CO2 f luxes by radiogasometric method exhibited 
equilibrium between respiration and photorespiration. Lower capacity 
for photorespiration was compensated for by increased respiratory 
decarboxylation in the light in leaves of GDC-defi cient plants (Fig. 18). 
This was interpreted as a decreased light suppression of the tricarboxylic 
acid cycle in GDC-defi cient plants compared to wild-type plants (Bykova et 
al. 2005). GDC-defi cient transformants were characterized by a  decreased 
capacity for glycine oxidation, and glycine accumulated in the leaves. 
The results support the view that respiratory decarboxylations in the 
light are restricted at the level of the pyruvate dehydrogenase complex 
and/or isocitrate dehydrogenase and that this effect is mediated by 
mitochondrial photorespiratory products. In addition, it may be suggested 
that a switch to a partial TCA cycle in the light would lead to decreased 
decarboxylations (Igamberdiev, Gardeström 2003). Similar results were 
obtained at low temperature where the decreased rate of photorespiration 
was compensated by the increased rate of the respiratory decarboxylation 
of stored photosynthates RRS (Fig. 15). In both cases, enhanced respiration 
compensated decreased photorespiratory NADH production.

Comparison between MSC16 mutant of cucumber (Cucumis sativus L.) 
with limited  mitochondrial ATP production  and WT control plants 
demonstrated no differences in rates and ratios of different components of 
respiration. However, the mutation in MSC16 plants affects mitochondrial 
complex I and causes mitochondrial dysfunction. The content of both 
adenylates and NADP(H) is decreased mainly in chloroplastic pools but 
the redox state of mitochondrial and cytoplasmic pools is also changed 
(Szal et al. 2008). It was shown also that mitochondrial complex I 
(NADH:ubiquinone oxidoreductase, the fi rst enzyme in the mitochondrial 
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respiratory chain) is necessary to avoid redox disruption of photosynthesis 
under conditions at which leaf mitochondria must oxidize both respiratory 
and photorespiratory substrates simultaneously and during transients 
(Dutilleul et al. 2003). Nevertheless, no essential changes were detected in 
the steady-state rates of respiratory and photorespiratory decarboxylations 
in plants of diminished mitochondrial energy production.

At present there is no full consensus on the relationship between 
photorespiration and respiration in the light. Nevertheless, it seems 
likely that respiration is simultaneously infl uenced by changes in nitrogen 
availability, photorespiration and photosynthesis, and acclimates when 
such changes are permanent (Tcherkez et al. 2012). 

Suff iciently good methods are currently available to measure 
photorespiration (Busch 2013) but measurement of respiration in the 
illuminated leaves has still remained a complicated problem, particularly 
for its negligible rate compared to photorespiration. Some possible sources 
of errors may be indicated.

1. Estimated RL may involve a fraction of photorespiration even in non-
photorespiratory conditions due to the great differences in the rates 
of photorespiration and respiration in the light.

2. RD may be overestimated due to errors caused by LEDR effect.
3. Calculated values of RD or values from other experiments are used 

instead of direct measurement. 

Relationships between photorespiration and respiration in illuminated 
leaf obtained in this work are described also by some other authors 
(Atkin et al. 1998, Hurry et al. 2005). Changes in the opposite directions 
were demonstrated by Griffi n and Turnbull (2013) who investigated a 
relationship between the rate of non-photorespiratory CO2 release in 
the light (RR) and leaf respiration in the dark (RD) and found that RR 
increases (or inhibition of respiration by light decreases) when there is an 
increase in photorespiration. It was interpreted as the increased demand 
for TCA cycle intermediates derived from photorespiratory reactions 
in peroxisomes. These conclusions are based on the values of RR/RD 
ratio, using the Kok method to calculate inhibition of RD in the light 
(Griffi n, Turnbull 2013). Recently a new modifi cation for estimation  of 
respiration in the light combining gas exchange measurements and the 
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Kok method with fl uorescence measurements was described (Yin et al. 
2011) but this method is applicable only at low irradiances and under 
non-photorespiratory conditions.

Direct measurements of respiratory and photorespiratory fl uxes described 
in this work did not show increase of respiration in photorespiratory 
conditions, although in all measurements the rate of decarboxylation 
of stored photosynthates (RRS+RPS) is greater in photorespiratory 
conditions. The additional portion of stored photosynthates is used not 
only in respiration but also for the regeneration of RPP cycle and in  
photorespiratory decarboxylations.
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7. CONCLUSIONS

Measurements of the components of respiratory and photorespiratory  
decarboxylations across a number of plant species and in several genetically 
transformed plants established the following empirical facts.

 � Under typical non-stressed ambient conditions (moderate 
temperatures, natural concentrations of  CO2 and O2) respiration 
(respiratory decarboxylation of  stored photosynthates) is 
suppressed by light. The total rate of  respiratory decarboxylation 
(RRA + RRS) in the light is lower than the rate of  respiration in 
the dark (RD). In starch-accumulating plant species the degree of  
inhibition of  respiration by irradiance is higher than in starch-
defi cient plants.

 � In photosynthesizing leaves starch degradation is blocked. 
Starch is metabolized in conditions under which photosynthesis 
is suppressed (in the dark, in the light in CO2-free air and at 
supraoptimal temperatures).

 � In the dark, the respiration rate of  SA plants is higher than that 
of  SD  plants.

 � The rate of  respiration in the dark is not affected by CO2 
concentration. However, the extent of  light suppression of  
respiration is dependent on ambient CO2 concentration.

 � The rate of  respiration does not depend on O2 concentration in 
the interval from 15 to 210 mmol mol-1 O2.

 � At high temperatures (above 40 °C) the rate of  respiration increases 
abruptly. Starch degradation exhibits a similar temperature-
response curve with a breakpoint at high temperatures.

 � In transgenic plants in which photorespiration is suppressed by 
antisense reduction of  glycine decarboxylase, the decrease in 
photorespiration is compensated by the increase in the rate of  
respiration – probably the enhanced respiration compensates the 
decreased photorespiratory NADH production.
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 � In the mitochondrial mutant MSC16 of  cucumber with 
mitochondrial dysfunction and disturbed subcellular redox state, 
leaf  dark respiration is decreased as compared with WT plants 
but in the light their total decarboxylation is similar.

On the basis of these pieces of experimental evidence it has has been found 
that under different environmental conditions the rates of respiratory and 
photorespiratory decarboxylations are determined by different internal 
factors.

 � At moderate temperatures and natural concentrations of  CO2 
and O2, respiration is suppressed by the increased redox level 
resulted from photorespiration.

 � In photosynthesizing plant leaves, both primary and stored 
photosynthates serve as substrates for photorespiratory and 
respiratory decarboxylations.

 � Under normal atmospheric  and non-stress conditions, starch 
does not provide substrates for respiratory and photorespiratory 
decarboxylations in light-exposed leaves. Substrates for 
decarboxylations are derived from primary and soluble stored 
photosynthates.

 � At elevated temperatures, the increase in the rate of  respiration is 
determined by the availability of  substrates derived mainly from 
degradation of  starch.
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SUMMARY IN ESTONIAN

RESPIRATOORSE JA FOTORESPIRATOORSE 
DEKARBOKSÜLEERIMISE VASTUSED SISEMISTE JA 

VÄLISTE FAKTORITE TOIMELE C3 TAIMEDES

Sissejuhatus

Samaaegselt CO2 fi kseerimisega fotosünteesil toimuvad taimelehes hin-
gamisprotsessid, milles osa seotud süsihappegaasist eraldub dekarboksüü-
limisreaktsioonides. Taimedes on kaks erinevat hingamisprotsessi – hin-
gamine ja fotohingamine. Hingamine tagab energia ja metaboliitidega 
varustatuse pimedas ja mittefotosünteesivates taimekudedes, aga toimub 
ka üheaegselt fotosünteesiga. Fotohingamine on ainult taimedele omane 
fotosünteesiga kaasnev protsess ja võimalik vaid valguses. Fotohingamise 
põhjuseks on Rubisco võime lisaks CO2 sidumisele karboksüleerimis-
reaktsioonis reageerida ka O2ga. Selles reaktsioonis tekkiva fosfoglü-
kolaadi metaboliseerimisel glükolaatses tsüklis toimub CO2 eraldumine 
gütsiini dekarboksüülimisel – fotohingamine. Vaatamata fotosünteesi, 
fotohingamise ja hingamise metaboolsete seoste tähtsuse üha paremale 
mõistmisele, on vähe teada nende integratsiooni tagavatest regulatsioo-
nimehhanismidest ning erinevate sisemiste ja väliskeskkonna faktorite 
osast selles regulatsioonis.

Töö eesmärgid

Töö eesmärgiks oli välja selgitada, millised faktorid määravad respiratoorse 
ja fotorespiratoorse dekarboksüülimise kiiruse ja mis on taimelehes 
nende protsesside substraatid erinevate keskkonnatingimuste puhul, 
kasutades selleks fotoassimilaatide erineva jaotumismustriga taimeliike 
ja geneetiliselt modifi tseeritud taimi. Selleks mõõdeti dekarboksüleerimise 
komponentide kiirusi ja erinevate substraatide kasutamist, varieerides 
temperatuuri, valgust, CO2 ja O2 kontsentratsiooni. Samuti võrreldi 
hingamise inhibeerimist valguses, tärklise ja sahharoosi osatähtsust 
respiratoorse ja fotorespiratoorse dekarboksüülimise substraatidena ning 
muutusi hingamises ja fotohingamises selleks, et selgitada välja nende 
osatähtsus regulatsiooniprotsessis.
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Metoodika

Hingamise ja fotohingamise kiirust saab mõõta dekarboksüülimisreakt-
sioonides eralduva CO2 järgi, kuid mitmete vastassuunaliste gaasivoogude 
tõttu taime lehes ei ole see lihtne ja nõuab sobivat metoodikat. Selles 
töös on kasutatud radio-gasomeetrilist meetodit, mis võimaldab eristada 
ja mõõta kõiki CO2-vahetuse komponente (lehesisest karboksüülimist, 
fotorespiratoorset ja respiratoorset dekarboksüülimist, reassimilatsiooni), 
samuti eraldi mõõta fotosünteesi esmas- ja lõpp-produktide kasutamist 
dekarboksüülimise substraadina. Fotorespiratoorse ja respiratoorse de-
karboksüülimise eristamise aluseks on nende protsesside erinev hapni-
kusõltuvus, esmas- ja lõpp-produktide dekarboksüülimist eristatakse 
nende fotosünteesi produktide erineva märgistumiskineetika alusel. Lisaks 
uuriti eelnevalt märgistatud tärklise ja lahustuvate fotosünteesiproduktide 
metaboliseerimist erinevates tingimustes (valgus-pimedus, temperatuur, 
CO2 ja O2 kontsentratsioon).

Tulemused

Katsete tulemused näitasid olulisi erinevusi tärklise ja fotosünteesi 
lahustuvate lõpp-produktide kasutamises hingamise ja fotohingamise 
substraadina. Uuritud C3-taimed võib jagada kahte rühma selle järgi, 
kui suur on tärklise osatähtsus fotosünteesi lõpp-produktina: 1) tärklist 
talletavad taimed (tärklise sünteesiks kasutatakse 28–40% fi kseeritud 
süsinikust) ja 2) tärklisevaegsed taimed (tärklisse läheb vähem kui 8%). 
Esimesse rühma kuuluvad uuritud taimedest tubakas, arabidopsis, 
päevalill, kartul, kurk, teeleht ja haab, teise – rukis, nisu, oder ja nurmikas.

Selgus, et substraadid määravad vähemalt osaliselt respiratoorse 
dekarboksüülimise kiiruse pimedas (ainus hingamise komponent pimedas). 
Tärklise ja sahharoosi (põhilise lahustuva lõpp-produkti) kasutamisel 
hingamisprotsessides on olulised erinevused. Katsetes selgus rida 
huvipakkuvaid fakte.

 � Normaalsetes keskkonnatingimustes (mõõdukas temperatuur, 
looduslik CO2 ja O2 sisaldus) on hingamine (fotosünteesi lõpp-
produktide respiratoorne dekarboksüülimine) valguses inhib-
eeritud. Summarne respiratoorne dekarboksüülimine (esmas- ja 
lõpp-produktide dekarboksüülimise summa) valguses on alati 
väiksem kui hingamine pimeduses. Tärklist lõpp-produktina tal-
letavatel taimedel on hingamise valguslik inhibeerimine suurem 
kui tärklisevaegsetel taimedel.
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 � Fotosünteesivates lehtedes tärklist ei lagundata. Tärklist 
metaboliseeritakse ainult tingimustes, kus fotosünteesi ei toimu 
(pimeduses, valguses CO2-vabas keskkonnas ja ülikõrgetel 
temperatuuridel).

 � Pimeduses on tärklist talletavate taimede hingamise kiirus 
suurem kui tärklisevaegsetel taimedel.

 � CO2 kontsentratsioon ei mõjuta hingamist, kuid hingamise 
valgusliku inhibeerimise ulatus sõltub CO2 kontsentratsioonist.

 � Hingamise kiirus ei sõltu O2 kontsentratsioonist vahemikus 15 – 
210 mmol mol-1 O2.

 � Kõrgetel temperatuuridel (üle 40 °C) suureneb hingamise kiirus 
järsult. Tärklise degradatsiooni temperatuurikõver on sarnase 
murdepunktiga kõrgetel temperatuuridel.

 � Glütsiini dekarboksülaasi vähendatud aktiivsusega transgeensete 
taimede fotohingamise vähenemine kompenseeritakse hingamise 
kiiruse suurenemisega.

 � Kurgi vähenenud mitokondrionaalse ATP sünteesi võimega 
mitokondrionaalsel mutandil muutub küll rakusisene redoks 
seisund ja väheneb hingamise kiirus pimedas, kuid valguses ei 
muutu dekarboksüülimise kiirused ja erinevate komponentide 
omavahelised suhted.

Järeldused

Saadud tulemused võimaldavad teha järeldusi võimalike regulatsiooni-
mehhanismide kohta. Järeldati, et erinevates keskkonnatingimustes määra-
vad respiratoorse ja fotorespiratoorse dekarboksüülimise kiiruse erinevad 
sisemised faktorid.

 � Mõõdukatel temperatuuridel ja atmosfääri loodusliku CO2 ja 
O2 kontsentratsiooni korral inhibeerib hingamist fotohingamise 
tekitatud kõrge redoks-tase.
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 � Fotosünteesivas lehes võivad kõik fotosünteesil moodustuvad 
ühendid – nii fotosünteesi esmas- kui lõpp-produktid – olla 
hingamise substraadiks.

 � Normaalses atmosfääris ja stressivabades tingimustes ei 
kasutata tärklist valguses repiratoorse ja fotorespiratoorse 
dekarboksüülimise substraadina – dekarboksüülimise 
substraatideks on ainult fotosünteesi esmasproduktid ja 
lahustuvad lõpp-produktid.

 � Hingamise kiiruse tõus kõrgel temperatuuril tuleneb peamiselt 
tärklise degradatsiooniproduktide kasutamisest hingamise 
substraadina.
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Photorespiratory and respiratory decarboxylations in
leaves of C3 plants under different CO2 concentrations
and irradiances

T. PÄRNIK, H. IVANOVA & O. KEERBERG

Institute of Agricultural and Environmental Sciences, Estonian University of Life Sciences, 51014 Tartu, Estonia

ABSTRACT

We used an advanced radiogasometric method to study the
effects of short-term changes in CO2 concentration ([CO2])
on the rates and substrates of photorespiratory and respi-
ratory decarboxylations under steady-state photosynthesis
and in the dark. Experiments were carried out on Plantago
lanceolata, Poa trivialis, Secale cereale, Triticum aesti-
vum, Helianthus annuus and Arabidopsis thaliana plants.
Rates of photorespiration and respiration measured at a
low [CO2] (40 mmol mol-1) were equal to those at normal
[CO2] (360 mmol mol-1). Under low [CO2], the substrates of
decarboxylation reactions were derived mainly from stored
photosynthates, while under normal [CO2] primary photo-
synthates were preferentially consumed. An increase in
[CO2] from 320 to 2300 mmol mol-1 brought about a four-
fold decrease in the rate of photorespiration with a con-
comitant 50% increase in the rate of respiration in the light.
Respiration in the dark did not depend on [CO2] up to
30 mmol mol-1. A positive correlation was found between
the rate of respiration in the dark and the rate of photosyn-
thesis during the preceding light period. The respiratory
decarboxylation of stored photosynthates was suppressed
by light. The extent of light inhibition decreased with
increasing [CO2]; no inhibition was detected at 30 mmol-
mol-1 CO2.

Key-words: O2 concentration; photorespiration; photosyn-
thesis; respiration.

INTRODUCTION

The global atmospheric concentration of carbon dioxide
([CO2]) has increased from a pre-industrial value of about
280 to 379 mmol mol-1 in 2005 (IPCC Report 2007). An
increase in atmospheric [CO2] evokes changes in plant gas
exchange, metabolism, growth, development and yield;
these effects have been extensively studied over the last few
decades. The long-term adaptive changes are initiated by
short-term responses of plant metabolism to changes in
[CO2]. These primary shifts in plant metabolism may be

regarded as signals inducing rearrangements of the plant
genome and proteome.
The first immediate response to an abrupt enhancement

of [CO2] is acceleration of photosynthesis and suppression
of photorespiration. Less is known about possible changes
in the rate of respiration in the light. Discrimination
between respiratory and photorespiratory decarboxyla-
tions under steady-state photosynthesis is a complicated
experimental task, as these two processes take place simul-
taneously in mitochondria and consume the same energetic
cofactors. Several methods have been applied in studies of
plant leaf gas exchange in the light. By means of gasometric
methods, the rate of respiration is measured under low
[CO2], near to its compensation point. It is assumed that the
rate of respiration measured at low [CO2] is equal to that
under normal [CO2] (Laisk 1977; Peisker & Apel 2001).
Haupt-Herting, Klug & Fock (2001) measured the rate of
respiration in leaves of tomato by means of mass spectrom-
etry. They assumed that, similar to respiration in the dark,
the rate of respiration in the light at 3000 mmol mol-1 CO2 is
the same as at 350 mmol mol-1 CO2. The rate of respiration
of plants growing under different [CO2] has been measured
by means of the Kok method (Shapiro et al. 2004).
However, the measurements were performed only at
growth [CO2], and the short-term effects of [CO2] were not
considered. Mamushina & Zubkova (1995) studied the
effect of light on the metabolism of 14C-labelled compounds
in the tricarbonic acid (TCA) cycle. To avoid the refixation
of 14CO2, the measurements were performed at high
(10 mmol mol-1) concentrations of 12CO2. The authors
assumed that the functioning of the TCA cycle in the light
does not depend on [CO2].
There is very little direct experimental evidence confirm-

ing the validity of the assumptions listed earlier. Pinelli &
Loreto (2003) measured the 12CO2 emission from leaves
previously exposed for 240 s to 13CO2 in the light under
steady-state photosynthesis, and found that at low [CO2] the
rate of 12CO2 emission was higher and at elevated [CO2]
lower than at normal [CO2].
The rate of respiration in the dark, estimated either by

CO2 efflux (Jahnke 2001; Bruhn, Mikkelsen & Atkin 2002)
or by O2 consumption (Amthor et al. 2001; Davey et al.
2004), has been found to be constant at a wide range of CO2

concentrations.The findings on the inhibition of respiration
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Estonia. Fax: +372 6511142; e-mail: olav@ebi.ee
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by elevated [CO2] (Thomas &Griffin 1994;Gonzàlez-Meler
et al. 1996; Tjoelker et al. 2001) have been considered as
measurement artefacts (Gonzàlez-Meler & Taneva 2005).
[CO2] may be one of the factors affecting the degree of

light inhibition of respiration.Under normal [CO2], the rate
of respiration in the light is usually lower than in darkness
(Pärnik & Keerberg 1995; Hurry et al. 2005). The inhibition
of respiration by light is initiated at very low irradiances
(3 mmol m-2 s-1) and reaches a stable level at about
100 mmol m-2 s-1 (Atkin et al. 1998). Using the 12C/13C
isotope technique, Tcherkez et al. (2005) established that
under normal [CO2], light suppressed the decarboxylation
of 13C-glucose by 95% and 13C-pyruvate by 27% compared
with the metabolism of these compounds in the dark.
Zubkova et al. (1997) studied the respiratory metabolism of
14C-glucose, 14C-pyruvate and 14C-fumarate under high
[CO2] (10 mmol mol-1), and found that light did not affect
the oxidation of these compounds. The discrepancy
between these results may be explained by the different
[CO2] applied in these experiments.
The substrates for respiration in the dark are derived

exclusively from stored photosynthates. However, both the
primary and stored photosynthates are involved as sub-
strates of respiration in the light. Methods commonly used
in studies of plant leaf gas exchange do not distinguish
between these two groups of substrates. Nevertheless,
knowledge of the contribution of primary and stored pho-
tosynthates to different types of decarboxylation reactions
is important to understand the interrelations between pho-
tosynthesis, photorespiration and respiration in illuminated
leaves under different environmental conditions.
As an aid to elucidating the carbon source of decarboxy-

lations in the light, we designed a combined radiogasomet-
ric method enabling the determination of the rates of
respiration and intracellular decarboxylation under steady-
state photosynthesis, distinguishing between photorespira-
tory and respiratory CO2 fluxes and the estimation of
the contribution of primary and stored photosynthates as
substrates for photorespiration and respiration (Pärnik &
Keerberg 1995, 2007). The method has been applied in
studies of plant leaf gas exchange of a number of C3 species.
In this paper, we present the data on short-term effects of
elevated or reduced [CO2] on the rates of photorespiration
and respiration under various irradiances. The data were
collected from experiments with different C3 species. We
demonstrate that enhancement of [CO2] over its normal
level results in an increase in the rate of respiration in the
light and in a decrease in the degree of inhibition of respi-
ration by light.

MATERIALS AND METHODS

Plant materials

Plants of five species, Helianthus annuus L., Plantago lan-
ceolata L., Poa trivialis L., Secale cereale L. and Triticum
aestivum L., were grown in soil under combined illumina-
tion by high-pressure sodium vapour lamps (LU400/HO/T/

40NG, Lucalox; CE Lighting Tungsram Rt, Budapest,
Hungary) and high-pressure mercury vapour fluorescent
lamps (LRF 250W E40; Polamp, Giżycko, Poland) at 250–
300 mmol m-2 s-1 with a light/dark period of 16/8 h. In
experiments where the effects of growth irradiance were
studied, the plants of H. annuus, T. aestivum and S. cereale
were grown at different irradiances ranging from 120 to
750 mmol m-2 s-1. Plants ofArabidopsis thaliana (L.) Heynh.
were grown under fluorescent tubes (BS-30; Saransk
Factory, Saransk, Russia) at an irradiance of 150 mmol
m-2 s-1 and a light/dark regime of 8/16 h. Measurements
were carried out on fully expanded attached leaves during
the second half of the photoperiod, 4–7 h after the begin-
ning of illumination.

Radiogasometric measurements of
CO2 exchange

The components of photosynthetic and (photo)respiratory
CO2 exchange were determined by means of a radiogaso-
metric method designed by Pärnik & Keerberg (1995). A
detailed description of the latest version of the method is
given in Pärnik & Keerberg (2007). The method enables us
to determine the intracellular rates of photorespiration and
respiration in the light under steady-state photosynthesis
and to distinguish primary and stored photosynthesis as
substrates of decarboxylation reactions. Primary photosyn-
thates are defined as products of current photosynthesis
with a turnover half-time measured in minutes. They
include the metabolites of the reductive pentose phosphate
cycle and of glycolate cycle, intermediates of starch and
sucrose synthesis, and of glycolysis. Stored photosynthates
(starch, sucrose, vacuolar acids) are products of previous
photosynthesis accumulating during the day in leaves.These
are compounds with a turnover half-time measured in
hours or tens of hours. Decarboxylations of primary and
stored photosynthesis are distinguished on the basis of their
different labelling kinetics.During the exposure of leaves to
14CO2, primary photosynthates are saturated with 14C within
10–15 min, while long-term exposures (3–4 h) are required
to achieve any measurable level of specific radioactivity of
carbon in stored photosynthates. Discrimination between
photorespiration and respiration is based on their different
dependence on oxygen concentration, assuming that pho-
torespiration is linearly dependent on O2 up to 210 mmol-
mol-1 while respiration becomes saturated with oxygen at
about 15 mmol mol-1. Determination of intracellular refix-
ation of respiratory CO2 is based on the assumption that the
probability of refixation of 14CO2 evolved inside the cell is
close to zero when measurements are performed at high
concentrations (30 mmol mol-1) of 12CO2. The following
components of intracellular decarboxylation: (1) photores-
piratory decarboxylation of primary photosynthates; (2)
photorespiratory decarboxylation of stored photosyn-
thates; (3) respiratory decarboxylation of primary photo-
synthates; and (4) respiratory decarboxylation of stored
photosynthates, were determined under steady-state photo-
synthesis at different concentrations of CO2.
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The components of 12CO2 exchange, i.e. net photosynthe-
sis (PN), respiration in the dark (RD) and CO2 efflux into
CO2-free atmosphere were measured in the open gas
system with an infra-red CO2/H2O analyser (LI-6262,
Li-Cor, Inc., Lincoln, NB, USA) calibrated for CO2 by
means of a precise CO2 mixer (Oja 1983;Laisk &Oja 1998).
Transpiration was measured by means of a psychrometer
calibrated with dry air (Laisk 1977; Laisk & Oja 1998).
Stomatal conductance and internal concentration of CO2

(CW) were calculated as described by Laisk & Oja (1998).
The measurements were performed at least in three rep-

lications on different leaves, and the means� SE of the
replications data was calculated.The significance (P < 0.05)
of differences between the means from different experi-
mental sets was estimated with two-sample t-test.

RESULTS

Components of photorespiratory and
respiratory decarboxylations in the light under
different [CO2]

The effects of short-term changes of [CO2] in ambient air on
photosynthetic and respiratory gas exchange were studied
in leaves of P. lanceolata,P. trivialis and S. cereale, which are
species with almost equal rates of carboxylation (PC) at
normal [CO2] and [O2] (Table 1). The measurements at
normal and elevated [CO2] were performed according to
the protocol described in Pärnik & Keerberg (2007). At
40 mmol mol-1 CO2, the radiogasometric method was
applied only for the determination of the rates of decar-
boxylation of stored photosynthates. The rates of decar-

boxylation of primary photosynthates were calculated by
subtracting from the total rate of decarboxylation the rate
of decarboxylation of stored photosynthates.The total rates
of decarboxylation were taken equal to the rates of car-
boxylation measured at CO2 compensation point. Rates of
carboxylation (PC), determined at 40 mmol mol-1 CO2, were
close to the total rates of decarboxylation (R) indicating
that measurements were carried out near to the CO2 com-
pensation point (Table 1).
At 360 mmol mol-1 CO2, the prevailing mechanism of

CO2 production was photorespiration with rates four to
seven times higher than the rates of respiration in the light.
The prevailing substrates of decarboxylation reactions
were primary photosynthates; the contribution of stored
photosynthates to decarboxylations was 12–20%. The total
rates of decarboxylation in the light (R) varied in the range
from 1.9 to 3.2 mmol m-2 s-1 (13–19% PC), and rates of
respiration in the dark (RD) were in the range 0.9–
1.2 mmol m-2 s-1 (6–8% PC). The rates of total (R), photo-
respiratory (RP) and respiratory (RR) decarboxylations
measured at 40 mmol mol-1 CO2 were equal (within limits
of standard error) to those at 360 mmol mol-1 CO2. Lower-
ing the [CO2] resulted in more than a twofold suppression
of the consumption of primary photosynthates with a
concomitant increase in the consumption of stored
photosynthates in photorespiratory and respiratory decar-
boxylations. At 40 mmol mol-1 CO2, the rates of photores-
piratory decarboxylation of stored photosynthates (RPS) in
leaves of P. trivialis were five times and in leaves of P.
lanceolata eight times higher than at 360 mmol mol-1 CO2.
The rate of respiratory decarboxylation of stored photo-
synthates (RRS) increased about 1.5 times in both species.

Table 1. Rates of CO2 fluxes (mmol m -2 s-1) in leaves of Plantago lanceolata, Poa trivialis and Secale cereale in the light and in the dark
at different CO2 concentrations

Species P. lanceolata P. trivialis S. cereale

CO2 concentration (mmol mol-1) 40 360 40 360 320 2300

Carboxylation of RuBP (PC) 2.60� 0.15a 14.60 � 0.70a 2.80 � 0.20a 16.50 � 0.90a 14.00 � 0.21a 17.70 � 0.68a

Decarboxylation in the light
Total (R) 2.24 � 0.27 2.39 � 0.12 2.83 � 0.23 3.19� 0.30 1.87� 0.25a 0.96 � 0.25a

Photorespiratory (RP) 2.01 � 0.22 2.08 � 0.08 2.50 � 0.11 2.80� 0.18 1.46� 0.15a 0.33 � 0.03a

Respiratory (RR) 0.23 � 0.05 0.31 � 0.04 0.33 � 0.12 0.39� 0.12 0.41� 0.10a 0.63 � 0.05a

Decarboxylation of primary photosynthates
Total (RA) 0.83 � 0.12a 2.13 � 0.06a 1.22 � 0.08a 2.76 � 0.16a 1.57 � 0.12a 0.65 � 0.06a

Photorespiratory (RPA) 0.75 � 0.12a 1.92 � 0.05a 1.11 � 0.06a 2.51 � 0.13a 1.28 � 0.10a 0.30 � 0.06a

Respiratory (RRA) 0.08 � 0.02a 0.21 � 0.03a 0.11 � 0.05a 0.25 � 0.10a 0.29 � 0.07 0.35� 0.02

Decarboxylation of stored photosynthates
Total (RS) 1.41 � 0.08a 0.26 � 0.04a 1.61 � 0.12a 0.43 � 0.07a 0.30 � 0.08 0.31� 0.06
Photorespiratory (RPS) 1.26 � 0.10a 0.16 � 0.03a 1.39 � 0.05a 0.29 � 0.05a 0.18 � 0.05a 0.03 � 0.03a

Respiratory (RRS) 0.15 � 0.03 0.10 � 0.01 0.22 � 0.07 0.14� 0.02 0.12� 0.03a 0.28 � 0.03a

Respiration in the dark (RD) 1.09 � 0.12 1.16 � 0.12 1.30 � 0.13 1.03� 0.12 0.86� 0.09 0.76� 0.08

aValues of different CO2 treatments within one experiment are statistically different (P < 0.05).
Temperature 25 °C, concentration of O2 210 mmol mol-1, irradiance 450 mmol m-2 s-1 in experiments with P. lanceolata and P. trivialis;
750 mmol m-2 s-1 in experiments with S. cereale. The results are means� SE of three measusrements on different leaves. Values in the table
are the real intracellular rates of carboxylation and decarboxylations, taking into account the refixation of respiratory CO2.Respiration in the
dark was measured 30 min after switching off the light.
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Thus, under low [CO2] the prevailing substrates of decar-
boxylation reactions are stored photosynthates.
In CO2-free air, the only substrates of photorespiration

and respiration are stored photosynthates. Respiratory
decarboxylation of stored photosynthates was severely
inhibited by light; its rate (RRS) was more than five times
lower than the rate of respiration in the dark (RD) (Fig. 1).
In these conditions, photorespiratory decarboxylation
was the prevailing process of CO2 production in leaves of T.
aestivum, H. annuus and S. cereale. The total rate of
decarboxylation of stored photosynthates in the light,
RS = RPS + RRS, exceeded the rate of respiration in the dark
(RD), both in CO2-free air (Fig. 1) and at 40 mmol mol-1 CO2

(Table 1). In these conditions, the substrates of the glycolate
cycle were derived exclusively or mainly from stored pho-
tosynthates.Under normal [CO2], where the prevailing sub-
strates of the glycolate cycle were primary photosynthates,
the rate of consumption of stored photosynthates in the
light (RS) was more than two times lower than the rate of
respiration in the dark (RD) (Table 1).
CO2 exchange under elevated [CO2] was studied in leaves

of S. cereale (Table 1). Raising [CO2] from 320 to
2300 mmol mol-1 resulted in a twofold decrease of the rate
of decarboxylation in the light (R), while the rate of car-
boxylation (PC) increased by about 25%. The rate of pho-
torespiration (RP) decreased more than four times.At high
[CO2], the photorespiratory decarboxylation of stored pho-
tosynthates (RPS) was almost entirely suppressed.However,
the rate of respiration (RR) increased 1.5 times, and the rate
of respiratory decarboxylation of stored photosynthates
(RRS) more than two times when [CO2] was enhanced from
320 to 2300 mmol mol-1.
Thus, raising the [CO2] in ambient air results in a com-

prehensive suppression of photorespiration with a con-
comitant increase in respiration. The relative rates
(percentage of the total rate of decarboxylation) of

photorespiration and respiration as functions of the internal
concentration of CO2 (CW) are shown in Fig. 2. Under low
and atmospheric [CO2], the rate of photorespiration repre-
sented 85–89% and the rate of respiration 11–15% the total
rate of decarboxylation.At higher [CO2], the percentage of
photorespiration decreased. The drop in photorespiration
was accompanied by a corresponding increase in respira-
tion. Under the highest CW tested (1500 mmol mol-1, corre-
sponding to 2300 mmol mol-1 in the ambient air), the
contribution of photorespiration to total decarboxylation
was only 35%.

Respiration in the dark under different [CO2]

The short-term changes in [CO2] did not affect the rate of
respiration in the dark. Within the limits of experimental
error, the values ofRD at low and elevated [CO2] were equal
to the rates measured in corresponding experiments at
normal [CO2] (Table 1). The rate of respiration in the dark
did not change even at very high [CO2].This was concluded
from an experiment with leaves of A. thaliana, where evo-
lution of 14CO2 from previously labelled stored photosyn-
thates was followed. The amount of 14CO2 evolved was
registered in a closed measurement system at different con-
centrations of non-radioactive CO2 in the dark. Measure-
ments started at 360 mmol mol-1 12CO2. After 150 s, the
concentration of 12CO2 in closed measurement system was
abruptly enhanced to 30 mmol mol-1. Such an almost 100-
fold increase in 12CO2 did not change the slope of the
regression line describing the time dependence of the
amount of 14CO2 evolved (Fig. 3). The calculated values of
RD were 1.32� 0.07 and 1.34� 0.07 mmol m-2 s-1 at 12CO2

concentrations of 360 mmol mol-1 and 30 mmol mol-1,
respectively.

Figure 1. The rates of photorespiratory and respiratory
decarboxylations of stored photosynthates in leaves of different
C3 species measured in CO2-free air in the dark and in the light
(irradiance 750 mmol m-2 s-1). The results are means� SE of
three measurements on different leaves.

Figure 2. Relative rates of photorespiration and respiration in
the light at different intercellular concentrations of CO2. The
values are taken from experiments with Plantago lanceolata, Poa
trivialis and Secale cereale. The results are means� SE of three
measurements on different leaves. CW, concentration of CO2 in
liquid phase at mesophyll cell walls.
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Dependence of decarboxylation of stored
photosynthates on irradiance under
different [CO2]

At all [CO2] tested, the respiratory decarboxylation of
stored photosynthates, the only decarboxylation compo-
nent operative in the dark, was severely inhibited by light
under saturating irradiances (compare values for RRS and
RD inTable 1).The degree of inhibition was lowest in leaves
of S. cereale at 2300 mmol mol-1 CO2. To ascertain the
threshold irradiances required for inducing the inhibition,
light curves of respiratory decarboxylation of stored photo-
synthates (RRS) under different [CO2] were determined
(Fig. 4). Experiments were performed with plants of H.
annuus and T. aestivum grown under low (120 mmol m-2 s-1)
or high (750 mmol m-2 s-1) irradiances. The measured rates
of CO2 evolution were corrected for refixation estimated
from gas exchange parameters according to Loreto,

Velikova & Di Marco (2001). Refixation coefficients were
calculated separately for the measurements performed at
different irradiances.
The rate of respiration in the dark (RD or RRS at zero

irradiance) varied in different treatments. In high-light-
grown plants of T. aestivum and H. annuus, RD was signifi-
cantly higher than in low-light-grown plants (compareRD in
Fig. 4a,b). This may be explained by the higher rates of
photosynthesis during the preceding light period in plants
grown under higher irradiances. Such an explanation was
confirmed by the data taken from the experiments with T.
aestivum, H. annuus and S. cereale grown under different
irradiances.When rates of respiration in the dark (RD) were
plotted against the rates of carboxylation (PC, measured
at growth irradiance) during the preceding light period, a
good positive correlation was found (Fig. 5). Inhibition of
respiratory decarboxylation started at very low irradiances.
At the irradiance 22 mmol m-2 s-1, the rate of decarboxyla-
tion of stored photosynthates in low-light-grown plants was
suppressed to half that of the rate in the dark (Fig. 4a). At
about 100 mmol m-2 s-1, RRS reached a constant level. The
rate of decarboxylation at this level was dependent on
[CO2]. In leaves of H. annuus, RRS at 3000 mmol mol-1 CO2

was almost three times higher than at 360 mmol mol-1 CO2.
Generally, the same responses of RRS to irradiance were

found in high-light-grown plants (Fig. 4b). Inhibition started
at low irradiances. InH.annuus, the constant level ofRRSwas
at 360 mmol mol-1 CO2, which was significantly higher than
that in low-light-grown plants (Fig. 4a) indicating that in this
species, the degree of light inhibition of respiration was
dependent on growth conditions. No significant differences
in the degree of light inhibition were detected between low-
and high-light-grown T. aestivum. The basis of such kind of
different responses to irradiance is not clear. In leaves ofH.
annuus, changes in irradiance did not affect the rate of
respiration at 30 mmol mol-1 CO2, which suggests that high
concentrations of CO2 eliminate the light inhibition of res-
piratory decarboxylation of stored photosynthates. At
30 mmol mol-1 12CO2, the initial rate of 14CO2 evolution from
stored photosynthates in the light was equal to the rate of
14CO2 evolution in the dark, suggesting that elimination of
light inhibition of respiration occurred immediately
(without any lag phase) after changing the gas composition
in the measurement system (Fig. 6). At 360 mmol mol-1
12CO2, the rate of 14CO2 evolutionwas 3.8 times lower than in

Figure 3. The amount of 14CO2 evolved from labelled stored
photosynthates into medium with different concentrations of
12CO2 in the dark. Leaves of Arabidopsis thaliana were exposed
to 14CO2 for 3 h and after that illuminated for 30 min in an
atmosphere of 12CO2. 14CO2 efflux was registered first in the
medium containing 360 mmol mol-1 12CO2. At the moment shown
by the arrow, the concentration of 12CO2 was raised to
30 mmol mol-1 by injecting into the measurement system an
appropriate amount of pure CO2.

Figure 4. Dependence of the rate of
respiratory decarboxylation of stored
photosynthates on the irradiance at
different concentrations of CO2 in the
medium of 15 mmol mol-1 O2.
Experiments were performed with plants
of Helianthus annuus and Triticum
aestivum grown (a) under low
(120 mmol m-2 s-1) and (b) under high
(750 mmol m-2 s-1) irradiances.

(a) (b)
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the dark. Such a suppression of 14CO2 evolution cannot be
explained by refixation of respiratory CO2 in the light; the
refixation coefficient in this experiment was 35%.
Similar effects of [CO2] on respiration in the light were

found in leaves of P. lanceolata, P. trivialis, S. cereale, T.
aestivum and A. thaliana (Fig. 7). Light severely inhibited
the respiratory decarboxylation of stored photosynthates at
360 mmol mol-1 CO2, but practically no inhibition was
detected at 30 mmol mol-1 CO2.

Oxygen dependence of the decarboxylation of
stored photosynthates at different [CO2]

Respiration in the dark is saturated with oxygen at low
concentrations, about 15 mmol mol-1. The same is assumed
to be valid for respiration in the light.To check this assump-
tion, we performed an experiment with leaves of S. cereale

where the rates of decarboxylation of stored photosynthates
were determined at 15 and 210 mmol mol-1 O2 under differ-
ent [CO2] in the light and in the dark.As expected, the rate of
respiration in the dark at 15 mmol mol-1 O2 was equal to the
rate at 210 mmol mol-1 O2 (Fig. 8). No differences were
found in the rates of decarboxylation of stored photosyn-
thates in the light measured under non-photorespiratory
conditions at 2300 mmol mol-1 CO2. Under normal [CO2]
(300 mmol mol-1) in the light, the rate of decarboxylation of
stored photosynthates at 210 mmol mol-1 O2 was signifi-
cantly higher than at 15 mmol mol-1 O2. Interestingly, the
total rate of decarboxylation of stored photosynthates under

Figure 5. Dependence of the rate of respiration in the dark
(RD) on the rate of carboxylation (PC) during growth of plants
under different irradiances. RD was determined 30 min after
turning off the light. Respiration was measured at 360 mmol mol-1
CO2 and 210 mmol mol-1 O2. The results are means� SE of three
measurements on different leaves.

Figure 7. Rates of respiratory
decarboxylations of stored
photosynthates in leaves of different
C3 species in the dark (RD) and in the
light (RRS) at normal and elevated
concentrations of CO2. Measurements
were performed at 15 mmol mol-1 O2.
The results are means� SE of three
measurements on different leaves.

Figure 6. The amount of respiratory 14CO2 evolved from
labelled stored photosynthates into medium with different
concentrations of 12CO2 in the dark and in the light. Leaves of
Helianthus annuus were exposed for 3 h to 360 mmol mol-1 14CO2

in the light (750 mmol m-2 s-1) and then illuminated at the same
irradiance for 30 min in the atmosphere containing
360 mmol mol-1 12CO2. After that, 14CO2 efflux from leaves was
registered in the dark and in the light (750 mmol m-2 s-1) at
concentrations of 12CO2 shown in the legend. Measurements were
performed at 15 mmol mol-1 O2. The refixation coefficients were
calculated from the rates of decarboxylation of primary
photosynthates in the same leaves.
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normal [CO2] and [O2] was equal to the rate of respiratory
decarboxylation of stored photosynthates at 2300 mmol
mol-1 CO2. At 15 mmol mol-1 O2 and 300 mmol mol-1 CO2,
the rate of decarboxylation of stored photosynthates in
the light was significantly lower than the rate of respiration
measured at 15 mmol mol-1 O2 in the dark, suggesting
that respiration was also suppressed by light in
non-photorespiratory conditions.

DISCUSSION

The rates and substrates of photorespiratory
and respiratory decarboxylations under
different [CO2]

In leaves ofP. lanceolata andP. trivialis, the prevailing decar-
boxylation mechanism at normal [CO2] (360 mmol mol-1)
was photorespiration with the rate exceeding the rate of
respiration by up to seven times (Table 1). Approximately
the same photorespiration/respiration ratio (89:11) was
found near the CO2 compensation point at 40 mmol mol-1

CO2 (Fig. 2). At 360 mmol mol-1 CO2, the prevalent sub-
strates for photorespiration and respiration were primary
photosynthates, while at 40 mmol mol-1 CO2 the substrates
for decarboxylation reactions were derived mainly from
stored photosynthates. Near the CO2 compensation point,
the contribution of primary photosynthates was low because
of reduced rates of their formation. Nevertheless, no signifi-
cant differences were detected in rates of photorespiration,
RP, and respiration, RR, at 40 and 360 mmol mol-1 CO2. The
lower rate of decarboxylation of primary photosynthates
under 40 mmol mol-1 CO2 was compensated by enhanced
decarboxylation of stored photosynthates (Table 1). These
findings confirm the assumption that results obtained in
gasometric measurements of photorespiration and respira-
tion at low [CO2] may be assigned to the gas exchange under

normal [CO2].However, it should be taken into account that
at low and normal [CO2], the decarboxylations of com-
pounds with different origins are measured.
The independence of the rate of photorespiration on

[CO2] from 0 to 300 mmol mol-1 has previously been dem-
onstrated in early studies by Ludwig & Canvin (1971). Such
an invariability of photorespiration is consistent with the
basic kinetic formula

V V S0 2 2= [ ] [ ]c O CO , (1)

where Vc and V0 are the rates of carboxylation and
oxygenation of RuBP, respectively, and S is the specificity
factor of ribulose 1·5-bisphosphate carboxylase/oxygenase
(Rubisco). At low concentrations of CO2 where rate of
carboxylation is proportional to [CO2] (Vc = k[CO2]), the
rate of oxygenation V0 is equal to k[O2]/S, i.e. does not
depend on CO2 concentration. In 13C/12C labelling
experiments, Pinelli & Loreto (2003) found that the rates
of respiration at low [CO2] (40 mmol mol-1) were
higher than under normal [CO2].Theymeasured respiratory
efflux of 12CO2 from stored photosynthates after 240 s pho-
tosynthesis of leaves in the medium of 13CO2, assuming that
by this time all the 12C in primary photosynthates would be
replaced by 13C.However, this might not have been the case
(as suspected also by the authors). In experiments with
14CO2, we found that at normal [CO2] the full saturation of
primary photosynthates with 14C was achieved by 8–10 min
of feeding with label (Ivanova, Keerberg & Pärnik 1993);
under lower [CO2], it will probably take more than 10 min.
Thus, it is not excluded that in the 13C/12C experiments cited
earlier, in addition to respiratory 12CO2, some extra 12CO2

derived from photorespiratory decarboxylation of partially
labelled primary photosynthates was measured.
In leaves of S.cereale, the total rate of decarboxylation (R)

at 2300 mmol mol-1 CO2 was two times, and the rate of pho-
torespiration (RP) was more than four times lower than at
320 mmol mol-1 CO2 (Table 1). The decrease in photorespi-
ration may be deduced also from the Eqn 1.At higher con-
centrations of CO2 whereVc is less than k[CO2], the increase
in [CO2] must lead to a decrease in V0.At the same time, the
rate of respiration increased 1.5 times, representing 65% of
the total rate of decarboxylation at 2300 mmol mol-1 CO2.
Accordingly, an increase in [CO2] results in a change of
photorespiration/respiration ratio, the decrease in photores-
piration being partially compensated by the increase in res-
piration (Fig. 2). Thus, unlike respiration in the dark,
respiration in the light is dependent on [CO2] above its
natural level. The results of respiration measurements at
normal [CO2] could not be applied to respiration under
elevated [CO2], contrary to what has sometimes been
assumed (Mamushina & Zubkova 1995; Haupt-Herting
et al. 2001).

Respiration in the dark under different [CO2]

The rate of respiration in the dark was not affected by
changing [CO2] from zero up to 30 mmol mol-1 (Table 1;

Figure 8. Rates of respiratory decarboxylation of stored
photosynthates in leaves of Secale cereale at different
concentrations of O2 and CO2 in the light (750 mmol m-2 s-1) and
in the dark. The results are means� SE of three measurements
on different leaves.
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Fig. 3). No suppression of respiration was detected at
elevated [CO2]. However, respiration in the dark was
dependent on assimilatory conditions of leaves during the
light period before measurements. In leaves of T. aestivum,
H. annuus and S. cereale grown and photosynthesizing
under high irradiances, the rate of respiration in the dark
exceeded that in low-light-grown plants (Figs 4 & 5). In our
experiments, respiration was measured 30 min after switch-
ing off the light. This time is long enough to stabilize the
CO2 efflux and overcome the effect of light-enhanced dark
respiration (LEDR) (Atkin et al. 1998).Analogous correla-
tions between respiration in the dark and the rate of pho-
tosynthesis during the preceding light period have been
described byAzcón-Bieto &Osmond (1983) and by Brooks
& Farquhar (1985). Collectively, these results suggest that
rate of respiration in the dark is determined, at least par-
tially, by carbohydrate status and substrate availability
(Noguchi 2005).

Suppression of respiration by light under
different [CO2]

Under normal and low [CO2], the total rate of respiration
(RR) in the light was three to four times lower than in the
dark (Table 1). The decarboxylation of stored photosyn-
thates (RRS) was inhibited by light even more severely (8–11
times). The inhibition of total respiration by light, largely
variable in different species, has been described in a number
of studies (see review by Hurry et al. 2005). However, no
direct evidence on the extent of light suppression of the
respiratory decarboxylation of stored photosynthates is
available in the literature. In experiments with exogenous
13C-enriched glucose (interchanging with the endogenous
stored glucose), Tcherkez et al. (2005) found that in the
light, the TCA cycle of French bean leaves was reduced
by 95%.
Inhibition of decarboxylation of stored photosynthates

was initiated at low irradiances (less than 22 mmol m-2 s-1)
and reached stable level at about 100 mmol m-2 s-1, an irra-
diance four to five times lower than that needed for satura-
tion of photosynthesis (Fig. 4). Atkin et al. (1998) detected
the inhibition of respiration (with substrates derived mainly
from stored photosynthates) in tobacco leaves at an irradi-
ance as low as 3 mmol m-2 s-1. The stable level of reduced
respiration was achieved at 100–200 mmol m-2 s-1 about 50 s
after switching on the light. Previously, the low light induc-
tion of respiration inhibition was demonstrated in Populus
tremula (Laisk 1977), and in Heteromeles arbutifolia and
Lepechinia fragans (Villar,Held &Merino 1995). Brooks &
Farquhar (1985) found that in the light at low [CO2], the
decline of the respiration in spinach leaves was most
marked at irradiances up to about 100 mmol m-2 s-1 and less
marked at higher irradiances.
The extent of light suppression of respiration was

dependent on CO2 concentration. The rate of decarboxy-
lation of stored photosynthates in leaves of S. cereale at
2300 mmol mol-1 CO2 was 2.5 times and in leaves of H.
annuus at 3000 mmol mol-1 CO2 was three times higher

than at normal [CO2] (Table 1; Fig. 4a). The inhibition was
almost entirely eliminated in the medium with 30 mmol
mol-1 CO2, where the rates of respiratory decarboxylation
of stored photosynthates in leaves of H. annuus, P. lan-
ceolata, P. trivialis, S. cereale, T. aestivum and A. thaliana
were practically equal in the light and in the dark (Figs 4b
& 7). The inhibitory signal was removed immediately,
without any lag phase, after transfer of leaves into the
medium of high [CO2] (Fig. 6). The equal rates of
respiration in the light and in the dark at elevated [CO2]
were found also in monocot ephemers (Zubkova et al.
1997).
The decrease in photorespiration at elevated [CO2]

was partially compensated by the increase in respiration
(Fig. 2). Such a mutual compensation was found also in
transgenic potato plants, where photorespiration was sup-
pressed by antisense reduction of glycine decarboxylase
(Bykova et al. 2005). In barley leaves, a lowering of the
temperature resulted in a decrease in the rate of photo-
respiration with a concomitant increase in respiration
(Pärnik et al. 1995). Based on the inverse relationship of
photorespiration and respiration, a hypothesis explaining
the suppression of respiration by the action of the
products of photorespiratory decarboxylation has been
proposed (Bykova et al. 2005; Hurry et al. 2005). Accord-
ing to this hypothesis, NADH and NH4

+ formed at the
decarboxylation of glycine affect the phosphorylation
status of the mitochondrial pyruvate dehydrogenase
complex (PDC), resulting in the loss of its activity (Tovar-
Mendez, Miernyk & Randall 2003). In addition to restric-
tion of PDC, a partial TCA cycle in the light can
contribute to a decrease in respiratory decarboxylations.
In the light, isocitrate dehydrogenase in the TCA cycle
was found to be suppressed by increased redox levels of
the mitochondrial pools of NAD and NADP resulting
from photorespiration (Igamberdiev & Gardeström 2003).
The main product of the partial TCA cycle in the light is
citrate exported from mitochondria to the cytosol
(Hanning & Heldt 1993).
However, photorespiration cannot be the only reason

for the reduced rate of respiration in the light. The sup-
pression of respiration was also observed at a low
(15 mmol mol-1) concentration of O2, i.e. in non-
photorespiratory conditions (Fig. 8). Furthermore, the
inhibition of respiration was induced at very low irradi-
ance (Fig. 4), where the rates of photosynthesis and pho-
torespiration are close to zero.
The mechanisms for the inhibition of respiration by

light are not fully understood. Most probably, the respira-
tion is affected by the changes of the redox state of mito-
chondria induced by light under photorespiratory as well
as under non-photorespiratory conditions. High ATP/ADP
and NADH/NAD ratios have been shown to inhibit the
reactions of glycolysis and the TCA cycle (Santarius &
Heber 1965; Tobin et al. 1980; Lin, Turpin & Plaxton 1989;
Tovar-Mendez et al. 2003; Bykova et al. 2005). A decrease
in these ratios under high [CO2] or low irradiance
may reduce the extent of the inhibition or eliminate it
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completely. In darkness and during photosynthesis at high
[CO2], the NAD(H) pool is highly oxidized with an
NADH/NAD ratio near to 0.05 (Wigge, Krömer & Garde-
ström 1993; Igamberdiev & Gardeström 2003). Under
elevated [CO2], the steady-state ATP/ADP ratio in proto-
plasts was found to be only slightly higher than in dark-
ness (Gardeström 1993). Low ATP/ADP ratios also favour
the synthesis of pyruvate from phosphoenolpyruvate
(PEP), the reaction catalysed by ADP-dependent pyru-
vate kinase (Ireland, DeLuca & Dennis 1979; Lin et al.
1989). However, the time-course of the induction and
elimination of the changes in redox state, as well as its
dependence on irradiance needs further investigation.

The effect of oxygen concentration on the rate
of respiration in the light under different [CO2]

In all the methods currently used in studies of plant leaf
CO2 exchange, the discrimination between photorespira-
tion and respiration is based on the assumption that
respiration becomes saturated with oxygen at its low con-
centrations (about 15 mmol mol-1), while photorespiration
is linearly dependent on oxygen concentration up to
210 mmol mol-1. The validity of this assumption can be
easily checked for the respiratory decarboxylation of
stored photosynthates in the dark (see, for instance,
Fig. 8). It is more complicated in the light, where both the
primary and stored photosynthates are involved in respi-
ratory decarboxylations. Therefore, the direct evidence on
the independence of respiration in the light on O2 concen-
trations higher than 15 mmol mol-1 is almost absent.
Contrary to this assumption, Atkin et al. (1998) demon-
strated that in leaves of snowgum the rate of respiration
in the light at 50 mmol mol-1 O2 was higher than at
210 mmol mol-1 O2. In this study, we measured the rates
of decarboxylation of stored photosynthates in leaves
of winter rye at 15 and 210 mmol mol-1 O2 under non-
photorespiratory conditions (at 2300 mmol mol-1 CO2).
No differences were found in the rates of respiratory
decarboxylation of stored photosynthates at different
oxygen concentrations either in the light or in the
dark (Fig. 8). However, under photorespiratory conditions
(at 300 mmol mol-1 CO2), the rate of decarboxylation of
stored photosynthates was at 210 mmol mol-1 O2 signifi-
cantly higher than at 15 mmol mol-1 O2 suggesting that
stored photosynthates were consumed as substrates in
photorespiratory decarboxylations. Thus, the assumption
about low oxygen saturation seems to be valid for the
respiratory decarboxylation of stored photosynthates in
the light. The oxygen dependence of respiratory decar-
boxylation of primary photosynthates needs to be
elucidated.
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Changes in leaf sugar concentrations are a possible mechanism of short-
term adaptation to temperature changes, with natural fluctuations in sugar
concentrations in the field expected to modify the heat sensitivity of
respiration. We studied temperature-response curves of leaf dark respiration in
the temperate tree Populus tremula (L.) in relation to leaf sugar concentration
(1) under natural conditions or (2) leaves with artificially enhanced sugar
concentration. Temperature-response curves were obtained by increasing the
leaf temperature at a rate of 1◦C min−1. We demonstrate that respiration,
similarly to chlorophyll fluorescence, has a break-point at high temperature,
where respiration starts to increase with a faster rate. The average break-point
temperature (TRD) was 48.6 ± 0.7◦C at natural sugar concentration. Pulse-
chase experiments with 14CO2 demonstrated that substrates of respiration
were derived mainly from the products of starch degradation. Starch
degradation exhibited a similar temperature-response curve as respiration
with a break-point at high temperatures. Acceleration of starch breakdown
may be one of the reasons for the observed high-temperature rise in
respiration. We also demonstrate that enhanced leaf sugar concentrations or
enhanced osmotic potential may protect leaf cells from heat stress, i.e. higher
sugar concentrations significantly modify the temperature-response curve of
respiration, abolishing the fast increase of respiration. Sugars or enhanced
osmotic potential may non-specifically protect respiratory membranes or may
block the high-temperature increase in starch degradation and consumption
in respiratory processes, thus eliminating the break-points in temperature
curves of respiration in sugar-fed leaves.

Introduction

Understanding high-temperature responses of plant
physiological processes is crucial when estimating the
effect of possible future climate changes on vegetation
productivity. If temperature-increase scenarios prove
true, short- or long-term exposure to high temperature

Abbreviations – �HA, activation energy for dark respiration rate; F0, minimum yield of chlorophyll fluorescence in dark; PSII,
photosystem II; RD, dark respiration rate; TF0, break-point in the temperature-response curve of F0 fluorescence (fluorescence
rise temperature); TRD, break-point in the temperature-response curve of dark respiration.

will become more likely in the future. High temperature
affects most physiological processes, like photosynthesis,
transport across membranes or respiration. Besides
photosynthesis, respiration responses are important to
estimate future plant CO2 balance. The extent of
plant response to high temperature varies, depending
on species, physiological state and preconditioning.
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Thermal acclimation of different physiological processes
can be observed in the short- as well as the long-
term timescales (Atkin and Tjoelker 2003, Armstrong
et al. 2006, Zaragoza-Castells et al. 2007). Describing
different types of respiration acclimation to changing
temperatures, Atkin and Tjoelker (2003) distinguish
between acclimation involving altered temperature
sensitivity of respiration (i.e. the slope of Q10, termed
‘type I acclimation’) and an acclimation involving a
shift in the overall intercept of the temperature-response
function (termed ‘type II acclimation’). The first type
might be the less effective one but probably the more
common in fully expanded leaves.

Acclimation to an environment with enhanced
temperatures may occur through changes in the fluidity
of membranes because of alteration of membrane
lipid and protein composition (Björkman et al. 1980,
Santarius and Weis 1988, Sung et al. 2003) and by
de novo protein and lipid synthesis. Apart from these
rather slow and long-term processes, fast enhancement
in heat tolerance was observed already after short-
term exposures of leaves to elevated temperatures
(Seemann et al. 1984, Havaux 1993). A likely short-
term mechanism is the conversion of the xanthophyll
violaxanthin to zeaxanthin, which increases the rigidity
of thylakoid membranes, thereby increasing heat
tolerance (Havaux et al. 1996). Also, the volatile
compound isoprene which is emitted by different plant
species is thought to have a stabilizing effect on
membranes (Sharkey 2005). Besides this, heat resistance
was shown to correlate with changes in leaf osmotic
potential and sugar concentration (Seemann et al. 1986,
Santarius and Weis 1988). Immediate increases in heat
resistance of chloroplasts suspended in sugar solutions
(Santarius 1973, Seemann et al. 1986) demonstrate that
changes in sugar status may provide a mechanism
for rapid temperature acclimation in the field. In the
following, we concentrate on leaf sugar concentration
and leaf osmotic potential as important factors of the
temperature response. The current article focuses on
temperature response of dark respiration as influenced
by sugar concentration and/or osmotic potential.

Respiration is composed of three different steps, the
glycolysis (in the cytoplasm), resulting in pyruvate and
malate, then the citric acid cycle (in mitochondria),
where pyruvate and malate are oxidized to carbon
dioxide, and the oxidative phosphorylation, oxidizing
reduced NADH produced in the citric acid cycle.
Additionally, there are parallel and alternative pathways
like the oxidative pentose phosphate pathway and
alternative lines in mitochondrial electron transport.
Any increase in respiration at elevated temperature
involves the need for additional respiratory substrate,

and vice versa short-term changes in respiration (in
the range of minutes or hours) reflect either changes
in the availability of respiratory substrate and/or in the
degree of adenylate restriction of respiration (Atkin and
Tjoelker 2003). The availability of respiratory substrate
may therefore determine the response of respiration to
elevated temperatures.

We studied temperature-response curves of respira-
tion in the temperate tree Populus tremula (L.) in relation
to natural and artificially enhanced sugar content. The
latter was achieved by feeding leaves with sugar solu-
tions of different concentrations, to test for the hypothesis
that fluctuations in sugar concentrations modify the heat
sensitivity of respiration. This study is connected to an
earlier publication (Hüve et al. 2006) which concen-
trated on temperature response of F0 and fluorescence
rise temperature (TF0). A large part of the chlorophyll
fluorescence data were published in the former arti-
cle and are therefore not shown here. We demonstrate
that respiration, similarly to chlorophyll fluorescence,
has a break-point at high temperature, where respi-
ration starts to increase with a faster rate. We also
demonstrate that enhanced leaf sugar concentrations
or osmotic potential may protect leaf cells from heat
stress and, at higher sugar concentrations, significantly
modify the temperature-response curve of respiration,
abolishing the break-point. To determine the nature of
the substrate for the observed respiration peak, pulse-
chase experiments with 14CO2 were performed. It was
found that the substrates for respiration were derived
mainly from breakdown of starch which was exhibit-
ing a temperature curve similar to that of respiration,
including a break-point at high temperatures. Finally,
when comparing temperature-response curves of respi-
ration of different plant species, it was found that the
break-point is not always present. It is suggested that
the respiration break-point depends on the ability of a
species to accumulate starch.

Materials and methods

Plant material

We used rooted cuttings of a P. tremula clone of local
origin. The potted trees were grown outside in full
sunlight in the Botanical Garden of the University of
Tartu, Estonia (58◦22′N, 26◦43′E, elevation 65 m). By
the time of experiments, the trees were 4 years old
and 2–4 m high. The experiments were conducted
in July 2004. June and July 2004 were cool with
average [±standard deviation (SD)] air temperature of
15.8 ± 2.3◦C, which is ca. 2◦C lower than 7-year
average in Tartu (weather station of the Institute
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of Environmental Physics of the University of Tartu,
http://meteo.physic.ut.ee). June was wetter than the
average (103 mm vs 5-year average of 50 ± 40 mm),
while the precipitation in July was average (44 mm
vs average of 44 ± 22 mm, http://meteo.physic.ut.ee).
However, the precipitation was highly non-uniformly
distributed in time, and the plants were irrigated
with tap water during 3 weeks of drought in the
beginning of July. Trees were growing under natural
illumination (in sunlight). The average irradiance in June
and July was 256 ± 92 W m−2 (daily mean values;
http://meteo.physic.ut.ee).

In pulse-chase experiments, mature fully expanded
leaves of similar size were collected from a large tree
of P. tremula (clone of local origin) growing in Harku
(Harjumaa, Estonia).

The temperature response of a few other plant species
was compared with that of P. tremula. Arabidopsis
thaliana, Helianthus annuus and Triticum aestivum
were grown in soil under combined illumination of
high-pressure sodium vapor lamp LU400/HO/T/40NG
(Lucalox, Hungary) and high-pressure mercury vapor
fluorescent lamp LRF 250W E40 (Polamp, Poland) or
under fluorescent tubes BS-30 (Saransk factory, Russia)
at following conditions: irradiance 300 μmol m−2 s−1,
light/dark period 16 h / 8 h (8 h / 16 h for A. thaliana)
and day/night temperature 22/16◦C. All measurements
were carried out with fully expanded attached leaves.
Triticum aestivum was chosen as a plant species not
accumulating starch (Ivanova et al. 2008).

Foliar sampling

Fully expanded mature leaves of similar size were
used for the experiments. Leaves were cut freshly
and measured about 60 min later. Leaves were cut at
different times of the day in order to sample leaves with
a varying content of soluble sugars. For experiments
with artificially altered sugar concentration or osmotic
potential, the leaves were collected between 18:00
and 19:00 h and measured during the next day. In all
cases, the petiole of the selected leaf was cut under
distilled water, and the leaf with the petiole in water
was immediately transported to the laboratory. In the
laboratory, the leaf was darkened at room temperature
for at least 30 min prior to the start of experimental
treatments (leaves with natural sugar content) or subject
to feeding with sugars.

Artificial adjustment of leaf sugar concentration
or osmotic potential

The harvested leaves were fed through the peti-
ole with solutions of two different carbohydrates,

monosaccharide sorbitol, which cannot be metabolized,
and disaccharide sucrose, which may be present in
leaves in large concentrations under physiological con-
ditions and can be metabolized. The concentrations of
feeding solutions were 0.2, 0.4, 0.8 and 1 M sorbitol or
sucrose. The leaves were kept in feeding solutions for
12 h (overnight) in dark at room temperature (25◦C). For
these experiments, the controls were kept overnight in
distilled water. Responses of 10 leaves fed with sucrose
were measured and of 5 leaves fed with sorbitol.

Combined gas exchange and chlorophyll
fluorescence measurements

The predarkened leaf (30 min darkening) was enclosed
in a circular clip-on type leaf chamber of the two-
channel fast-response measurement system (Laisk et al.
2001). The upper side of the leaf was attached to the
glass window of the chamber water jacket by starch gel
to enhance temperature exchange between the leaf and
thermostated water. Leaf temperature was measured by a
thin Copper–Constantan thermocouple attached to the
lower leaf surface. These measurements demonstrated
that leaf temperatures differed from the thermostated
water temperatures by 0.5◦C maximally.

Synthetic air mixed from pure N2, O2 and CO2 was
passed over the lower leaf surface with a flow rate
of 0.5 mmol s−1. O2 concentration was kept at 21%,
and the chamber CO2 concentrations were maintained
at 360 μmol mol−1. Air humidity was adjusted to
60%. Gas exchange rate and chlorophyll fluorescence
yields were measured simultaneously. CO2 exchange
rate was measured with a LI-6251 CO2 analyzer
(Li-Cor, Lincoln, NE, USA) and H2O exchange rate
with micropsychrometer (Fast-Est; Laisk et al. 2001).
Chlorophyll fluorescence was measured with a PAM
101 fluorometer (Heinz Walz, Effeltrich, Germany)
operated at 1.6 kHz pulse frequency for darkened
leaves and 100 kHz during saturating pulses. Both gas
exchange rates and fluorescence yields were measured
continuously.

All experiments were conducted in dark with weak
far-red light of about 50 μmol m−2 s−1 provided by a
Schott KL 1500 tungsten halogen light source equipped
with a 720 nm narrow-band interference filter (Andover
Corp, Salem, NH, USA). Far-red light was necessary
to measure the true level of minimum fluorescence
yield (F0, Havaux et al. 1996). Separate experiments
demonstrated that effects of far-red light on leaf dark
respiration rate were negligible.

After completion of the temperature rise experiment,
a leaf disk of 0.8 cm2 was excised and frozen at −20◦C
for measurements of leaf osmotic potential. The rest of
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the leaf lamina was weighted and dried at 70◦C for at
least 48 h and leaf dry mass was determined. From these
data, leaf dry to fresh mass ratio (DW) was calculated.
Dried leaf material was then used for sugar analysis.

Temperature responses of dark respiration and
respiration break-points

After enclosure in the cuvette, the leaf was stabilized
in dark at 22◦C and 360 μmol mol−1 chamber CO2

concentration until steady-state gas exchange rates
were achieved. This was observed generally 5–10 min
after leaf enclosure. After stabilization, leaf temperature
was raised at a rate of 1◦C min−1 to 56◦C to obtain
rapid temperature-response curves of dark respiration
(RD) and F0 (see below). This rate of temperature
increase has been regularly used in studies investigating
temperature tolerance of photosynthesis (Havaux et al.
1996, Schreiber and Berry 1997).

Initially, entire RD vs temperature-response curves
were fitted by a single exponential relationship:

RD = ec−�HA/RTK , (1)

where c is a scaling constant, �HA (J mol−1) is the
activation energy, TK (K) is the leaf temperature and R
(8.314 J mol−1 K−1) is the gas constant. Eqn 1 is com-
monly used to describe temperature dependencies of
dark respiration rate. This equation is analogous with
the Q10 concept that also assumes that RD responds
exponentially to temperature. However, best non-linear
regression fits to all data tended to overestimate respira-
tion rate at low temperatures and underestimate at high
temperatures (fits using Eqn 1 are not shown), suggesting
that �HA is not constant over the entire temperature
range.

Apparent break-points in temperature responses of
RD were evident in most cases (Fig. 1A). For determin-
ing the break-point of the respiration vs temperature
response curve (TRD), we used the intersection of two
linear fits (1) through the initial part of the temperature
response curve up to 35 or 40◦C (depending on individ-
ual curves) and (2) through the steeply increasing part of
the response curve. TRD was defined as the temperature
at the intersection of the extrapolated lines, as illustrated
in Fig. 1A. As the slopes of ln RD vs T−1 relationships are
proportional to – �HA, the activation energies were then
calculated below and above the break-point temperature
(Fig. 1B).

Determination of the break-point temperature for
chlorophyll fluorescence (TF0)

The fluorescence rise temperature (TF0) was determined
as the break-point in the minimum fluorescence yield,

Fig. 1. Sample temperature responses of dark respiration (RD, filled
circles) and minimum fluorescence yields in dark-adapted leaves (F0,
open squares) of a representative Populus tremula leaf in weak far-red
light (A) and the same respiration data plotted in ln RD vs T−1 axes (B).
Respiration rates and fluorescence yields were recorded while the leaf
temperature was increased from 22 to 56◦C at a rate of 1◦C min−1.
The temperature of rapid increase in minimum fluorescence yield, TF0, is
defined as the intersection point between the linear portions of slow and
rapid fluorescence rise (TF0 = 48.2◦C). Analogous change in respiration
rate at higher temperature is demonstrated in (A). The break-point of
dark respiration was found as the intersection of rapid and slow rates
of respiration change (TRD = 46.9◦C). Activation energies of RD (�HA,
Eqn 1) were determined from the slopes of linear regressions above and
below TRD in ln RD vs T−1 axes (B).

F0, vs temperature response curves as demonstrated in
Fig. 1A. Specifically, TF0 is the point at which a rapid rise
in chlorophyll fluorescence begins (Bilger et al. 1984,
Seemann et al. 1984, for further details). A large part
of the fluorescence data were published in Hüve et al.
(2006) and are therefore not shown here.

Sugar analysis

Leaf total sugar content was determined from dry leaf
material as detailed in Niinemets (1995). The sugars
were extracted with 70% ethanol at 55–65◦C, and
soluble sugars were measured according to the anthrone
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method (Yemm and Willis 1954). Anthrone reaction
is a sensitive assay for the total pool of mono- and
oligosaccharides (Yemm and Willis 1954), but it does
not detect amino sugars and alditols such as sorbitol. In
natural conditions, Populus does not accumulate alditols
(Cox and Stushnoff 2001). However, this insensitivity
meant that total sugar content was not available for
sorbitol-feeding experiments.

The concentration of sugars in leaf water (CW) was
computed as:

CW = CDDW

1 − DW
, (2)

where CD is the sugar concentration in leaf dry matter
and DW is the leaf dry to fresh mass ratio.

Measurement of leaf osmotic potential

After thawing, leaf disks were homogenized with in
100 μl distilled water and washed sand. The osmolarity
of the diluted sap was then measured in two to
three repetitions with a vapor pressure osmometer
(VAPRO 5520, Schlag, Bergisch Gladbach, Germany),
and averages were calculated. As leaf discs for osmotic
potential measurements were taken at the end of the
temperature increase experiment, it is possible that the
osmotic potential has changed during the experiment
because of leaf desiccation. To check for a possible
change, we calculated the initial leaf water content
using the continuous measurements of leaf transpiration
rates. These calculations demonstrated that leaves had
lost maximally 4% of their fresh weight by the end of the
experiment. Thus, the possible leaf water loss during the
experiment was minor.

Pulse-chase experiments

The conversion of starch and soluble compounds under
different temperature conditions was studied in pulse-
chase experiments (Pärnik and Keerberg 2007). Leaves
were first illuminated for 20 min in a medium containing
400 μl l−1 14CO2 at 25◦C air temperature. After that, a
disc with 20 mm diameter was cut from one side of
each leaf blade, and radioactivity and content of soluble
compounds and starch determined, separately in all
leaf discs. Leaves with remaining tissue were thereafter
transferred into the non-radioactive medium, where they
were kept for 30 min in the dark at air temperatures of
25, 38 or 50◦C (chase). After that, leaf discs (20 mm)
were cut from the other side of the leaf blade, and
radioactivity and content of the soluble compounds
and starch determined and compared with radioactivity
and content in the discs excised from the first side

of corresponding leaves before the 30-min dark phase.
From the specific radioactivity of 14CO2 fed to leaves, the
molar amounts of carbon fixed in different fractions at the
20-min pulse and their changes during the subsequent
chase were calculated.

Determination of radioactivity and content
of soluble compounds and starch

Leaf discs were killed in boiling 80% (v/v) aqueous
ethanol, and thereafter extracted two more times in boil-
ing 80% ethanol. The extracts were combined and their
radioactivity determined (liquid scintillation counter LS
100C; Beckman, CA, USA). Content of glucose and
sucrose in ethanol extracts was determined by an
enzymatic assay described by Jones et al. (1977). To
determine the radioactivity of starch, the leaf material
remaining after the extraction of soluble compounds was
incubated in a solution of α-amylase [Boehringer, Ger-
many, 200 mg l−1 (w/v) in sodium citrate buffer, pH 6.8]
at 35◦C for 48 h, and the radioactivity of hydrolyzed
starch was determined. Bacterial decomposition was
prevented by addition of a drop of toluene into the incu-
bation flasks. To determine the total content of starch,
the hydrolyzed samples were assayed for glucose as
described by Stitt et al. (1978).

Data analyses

Temperature response curves of 12 control leaves (no
sugar feeding) were measured. Ten leaves were fed
with sucrose and five leaves were fed with sorbitol.
Significant differences were tested by Mann–Whitney
U-test or Wilcoxon signed-rank test, and the differences
were considered significant at P < 0.05. Non-linear
curve fits and linear regression analysis were carried out
by SIGMAPLOT. For pulse-chase experiments, given data
are means ± standard error of measurements on three
different leaves. Significant differences with P < 0.05
were established by two-sample t-test.

Results

Temperature break-points of chlorophyll
fluorescence and dark respiration

In weak far-red light, there was a minor increase in
minimum fluorescence yield (F0), while the temperature
was increased from 22 to about 46◦C (Fig. 1A), but a
steep increase in F0 level was observed at temperatures
higher than 46 or 47◦C (fluorescence break-point, TF0;
Fig. 1A). The average (±SD) TF0 observed for control
leaves was 49.0 ± 0.7◦C (n = 11).
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Over the same temperature range of 22–46◦C, dark
respiration rate (RD) rose steadily, and the maximum
respiration at highest temperatures exceeded the rate
measured at 22◦C 10- to 14-fold (Fig. 1A). At about
46◦C, respiration rate started to rise faster, causing an
apparent break-point in the respiration in RD vs T as well
as in ln RD vs T−1 plots (Fig. 1B). The average break-
point temperature for the dark respiration rate (TRD) was
48.6 ± 0.7◦C (n = 11), being thus very similar to TF0.
Average TRD was not significantly different from average
TF0 (Mann–Whitney U-test).

The average ± SD activation energy for dark
respiration rate �HA (Eqn 1) from the ln RD vs T−1

plots (Fig. 1B) was 59.2 ± 10.3 kJ mol−1 for the
temperature range 22–46◦C, and 101 ± 16 kJ mol−1

for the temperature range 46–49◦C (n = 11, means are
significantly different at P < 0.01 according to Wilcoxon
signed-rank test). For comparison, Q10 values per 10◦C
were between 3.5 and 2.5 in the temperature range up
to 30◦C, declining to 2.0 at 45◦C and then increasing
again to 3.2 at 50◦C (means of n = 8 measurements).

Comparing a few other plant species tested, break-
points in temperature curves of respiration in the dark
were found also in leaves of Phaseolus vulgaris (Hüve
et al. 2011), A. thaliana and H. annuus (Fig. 2). There
was, however, no break-point in the temperature curve
of respiration in T. aestivum, which is known to not
accumulate starch in the leaves.

Effect of feeding with sugars on respiration rates

Overnight sugar feeding resulted in elevated sugar
contents and reduction in leaf osmotic potential (i.e.
the absolute value of osmotic potential increased).
After sucrose feeding, respiration at a given temperature

Fig. 2. Rates of respiration in the dark in leaves of starch-accumulating
species Helianthus annuus and Arabidopsis thaliana and of starch-
deficient Triticum aestivum under different leaf temperatures. Typical
temperature response curves for each species are shown.

Fig. 3. Respiration rate at different temperatures in P. tremula leaves
fed overnight with various concentrations of sucrose (A) or sorbitol (B).
Different leaves were measured for each concentration, data points are
single measurements. For sucrose, all linear regressions are significant
at least at P < 0.05 (r2 = 0.52–0.68), while no significant regressions
were found for sorbitol (P > 0.25).

increased with the concentration of the feeding solution
(Fig. 3A). At 22◦C, the respiration of a sugar-fed leaf was
up to 2.2 times higher than that of corresponding control
leaves. The increase in respiration rate of sucrose-fed
leaves was significant at all temperatures between 22
and 50◦C (Fig. 3A). There was no obvious trend at 55◦C
(data not shown, P > 0.16). Respiration rate did not
increase significantly with the concentration of feeding
solution for sorbitol-fed leaves (Fig. 3B).

The actual leaf sugar content depended not only on
the concentration of the feeding solution but also on leaf
initial sugar content and on stomatal conductance that
determined the amount of solution with given sucrose
concentration transported to the leaf blade via the xylem.
Respiration rate plotted against leaf sugar content (Fig. 4)
increased at all temperatures – with exceptions at the
highest sugar concentrations – according to a saturation
curve. Respiration rate saturated between 0.15 and
0.2 kg sugar per liter leaf water.

Effects of sugars on respiration break-point
temperatures

In both sucrose- and sorbitol-fed leaves, the rise of
respiration rate with temperature was less steep than in
control leaves (Fig. 5). Respiration rate at 55◦C was about
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Fig. 4. Dark respiration rate of Populus tremula at 22◦C (closed circles),
50◦C (open circles) and 55◦C (closed triangles) in dependence on leaf
sugar content. Data points were taken from temperature response curves
as shown in Fig. 1, (n = 18). Variation in leaf sugar contents results both
from natural variation (up to 0.12 kg kg−1 leaf water) and sucrose
feeding. Leaf sugar contents after sugar feeding were determined by
the anthrone assay. As this method does not detect alditols such as
sorbitol, only data for sucrose-feeding experiments are shown.

eight times higher than at 22◦C (10–14 times higher in
control leaves). Especially, the fast rise of respiration rate
above 46◦C was reduced; after feeding with 1 M sucrose
or sorbitol, it was hardly detectable.

The break-point for respiration TRD increased with
increasing sugar content in sucrose-fed leaves (Fig. 6A).
At very high sugar contents, it became difficult to evalu-
ate, because the rapid rise in respiration rate was almost
absent (compare Fig. 5). This was also reflected in the
reduction of activation energy �HA, which was maximal
at about 0.12 kg leaf sugar kg−1 and decreased with ris-
ing leaf sugar content (Fig. 6B) to values similar to those
in the 22–46◦C range, 40–60 kJ mol−1. Interestingly,
activation energy �HA below break-point was indepen-
dent of leaf sugar content (Fig. 6B). As with RD, the
break-point for chlorophyll fluorescence also increased
with increasing sugar content (Hüve et al. 2006). Break-
points TRD and TF0 correlated fairly well (Fig. 7).

Heat sensitivity of respiration in relation to leaf
osmotic potential

Leaves fed with sucrose or sorbitol showed an up to
threefold increase in the absolute value of osmotic
potential compared to unfed leaves. Break-points TRD

(Fig. 8A) as well as TF0 (data not shown, see Hüve
et al. 2006 for experiments) increased with the absolute
value of leaf osmotic potential in sucrose-fed leaves as
well as in sorbitol-fed leaves. There was no statistically
significant influence of leaf osmotic potential on �HA

below TRD (Fig. 8B), while �HA above TRD decreased
strongly with leaf osmotic potential (Fig. 8C). This

Fig. 5. Temperature dependencies of normalized respiration rate in
P. tremula leaves fed overnight with various concentrations of sucrose
(A) or sorbitol (B). Typical response curves are shown for each
concentration. Far-red light was applied to measure F0 fluorescence
simultaneously as shown in Fig. 1. To compare the shapes of the
response curves, respiration rate of all curves was normalized with
respect to the value at 22◦C (absolute respiration rates of the same
leaves can be seen in Fig. 3).

correlation was significant for both sucrose- and sorbitol-
fed leaves.

Conversion of starch and soluble photosynthates
in pulse-chase experiments

To elucidate the effects of temperature on the conversion
of starch and soluble photosynthates, leaves were,
after a 20-min pulse in 14CO2, stored for 30 min in
non-radioactive medium in the dark at different air
temperatures. During the chase, the total amount of
labeled carbon in the leaves decreased by 15% at
temperatures of 25 and 38◦C but almost by 40% at
50◦C (Fig. 9A). This decrease may be attributed to
respiratory carbon losses. The decrease in the amount
of labeled carbon in soluble compounds (15–30%)
was approximately the same at all temperatures. No
significant loss of labeled starch was detected at 25 and
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Fig. 6. Dependencies of TRD (A) and activation energy of dark respiration
�HA (B) on leaf sugar content of control (circles, n = 8 leaves) and
sucrose-fed leaves (triangles, n = 10 leaves). For the activation energy
�HA in (B), values calculated below (open symbols) and above (closed
symbols, dashed line) the apparent break-point (TRD) are shown. The
dashed line corresponds to a non-linear fit for �HA values above TRD

(circles and triangles together) according to y = ae(–bx). Each data point
represents one leaf (same leaves as in Fig. 3). Leaf sugar contents after
sugar feeding were determined by the anthrone assay. Because this
method does not detect alditols such as sorbitol, only the data for
sucrose-feeding experiments are shown.

38◦C, while during 30 min at 50◦C, about half of the
labeled starch was broken down. Conversion rates of
labeled compounds during the chase were calculated
from the changes in radioactivity (Fig. 9B). Transfer
of leaves to 50◦C resulted in an abrupt increase in
both the total rate of conversion of labeled compounds
(proportional to the rate of respiration) and the rate of
degradation of labeled starch. Changes in temperature
exhibited no significant effects on the rate of conversion
of soluble compounds.

The total (non-labeled) content of starch and soluble
sugars was determined before and after a 30-min storage
period of leaves in the dark at different temperatures
and compared with the amount of labeled starch and
soluble compounds metabolized during a 30-min chase
(as shown in Fig. 9). The amount of starch metabolized
in the dark increased with temperature (Table 1). At
50◦C, almost half of the total starch was metabolized

Fig. 7. Relation between the break-points for respiration (TRD) and F0

fluorescence (TF0). Each data point represents a different leaf (same
leaves as in Figs. 3 and 5).

during 30 min in the dark. This is in good accordance
with the 50% decrease in the amount of pulse-labeled
starch during a 30-min chase in the dark (Fig. 9A).
No significant changes in the content of sucrose were
detected during storage of leaves in the dark at different
temperatures (Table 2). The content of soluble glucose
increased at 25◦C and decreased slightly during storage
at 50◦C (Table 2). Thus, the substrates of respiration
as well as of transport and biosynthetic processes
in leaves of P. tremula were derived mainly from
degradation of starch at all temperatures. The rate of
starch breakdown exceeded the rate of respiration at
corresponding temperatures (compare data in Table 1
and Fig. 1).

Discussion

Sugar feeding leads to an increase in respiration
rate

The natural variation of soluble sugar content in the
P. tremula leaves measured here was 0.09–0.12 kg kg−1

leaf water, and sugar concentration was artificially
enhanced up to 0.23 kg kg−1 (0.41 kg kg−1 in one case).
Sucrose feeding enhanced the respiration rate (Figs. 2
and 3). The amount of soluble sugars changes naturally
with light and dark periods, being lowest at the end of
the dark period. Fluctuations can be quite large, e.g.
in maize plants, the maximum at the end of the light
period was about twice as high as the minimum at the
end of the dark period (Brouquisse et al. 1998). Substrate
limitation of respiration was observed at the end of the
night especially in higher temperatures (Bunce 2007) and
substrate supply can enhance respiration (Azcón-Bieto
et al. 1983, Atkin and Tjoelker 2003, Hauschild and
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Fig. 8. Respiration break-point temperature, TRD (A), and the activation
energy �HA below TRD (B) and above TRD (C) in dependence on leaf
osmotic potential of sugar-fed leaves. Sample temperature responses
are demonstrated in Fig. 1.

von Schaewen 2003). We observed a strong increase
in respiration rate of leaves after sucrose feeding, while
feeding with sorbitol (which cannot be metabolized)
did not result in such an increase (Fig. 3). Enhanced
respiration is therefore due to substrate availability, not
due to another effect of sucrose feeding (e.g. an osmotic
effect). The respiration increase achieved by feeding
indicated a substrate limitation of respiration which will
be more pronounced at higher temperatures (Bunce
2007). The rate of respiration depended curvilinearly
on leaf sugar concentration and became insensitive to
sugars at a concentration of ca. 0.15 kg kg−1 (Fig. 4).

Fig. 9. Amount of carbon incorporated into different fractions during a
20-min exposure of P. tremula leaves to 14CO2 (initial) and its distribution
after 30-min storage of leaves in the dark at different temperatures
(A) and rates of conversion of pulse-labeled compounds as functions
of air temperature (B). Irradiance during the pulse 350 μmol m−2

s−1, temperature 25◦C, concentration of CO2 during pulse and chase
400 μl l−1, concentration of O2 210 ml l−1. Data are means ± standard
error of three different leaves. *Values are significantly different from
initial (P < 0.05, established by two-sample t-test).

These dependencies are similar to those shown in
Fig. 4 in the study by Atkin and Tjoelker (2003), where
substrate availability was represented by the redox state
of the ubiquinone pool) showing that Q10 values increase
with substrate availability.

There is no unanimous concept on what determines
the rate and temperature dependence of respiration in
the dark. The control of respiratory flux can be shared
between the availability of substrates, the demand for
respiratory products (e.g. adenylates) and the capac-
ity of the respiratory enzymes (Atkin et al. 2005), so
that the availability of respiratory substrate does not
necessarily determine the respiratory rate (Atkin et al.
2003). Zaragoza-Castells et al. (2007) did not find a sig-
nificant relationship between RD rates and leaf sugar
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Table 1. Changes in starch content in leaves of Populus tremula during 30 min at different air temperatures in the dark. Initial starch content:
49.25 mmol C m−2 = 1.48 g m−2. Values indicated by * are significantly different from the initial value (P < 0.05).

Content
mmol C m−2

Change during 30 min
± mmol C m−2

Percent of
initial content

Rate of conversion
μmol C m−2 s−1

Initial 49.25 ± 4.12
After 30 min in the dark

at 25 ◦C 41.58 ± 4.74 −7.67 ± 6.28 84.4 −4.26 ± 3.49
at 38 ◦C 37.27 ± 2.86∗ −11.98 ± 5.02 75.7 −6.66 ± 2.79
at 50 ◦C 26.28 ± 2.17∗ −22.97 ± 4.66 53.4 −12.76 ± 2.59

Table 2. Changes in sucrose and glucose content in leaves of Populus tremula during 30 min at different air temperatures in the dark. Leaf water
content: 0.1086 kg m−2. Initial sucrose content: 17.19 mmol m−2 = 206.3 mmol C m−2 = 5.88 g m−2 = 0.0541 kg kg−1 water = 158 mM. Initial
glucose content: 3.32 mmol m−2 = 19.92 mmol C m−2 = 0.60 g m−2 = 0.0055 kg kg−1 water. Values indicated by * are significantly different from
the initial value (P < 0.05).

Content mmol m−2
Change during

30 min ± mmol m−2 Percent of initial content
Rate of conversion

μmol m−2 s−1

Initial sucrose 17.19 ± 0.74
After 30 min in the dark

at 25 ◦C 19.54 ± 1.57 2.35 ± 1.74 113.7 1.31 ± 0.96
at 38 ◦C 15.37 ± 0.71 −1.82 ± 1.03 89.4 −1.01 ± 0.57
at 50 ◦C 16.81 ± 2.44 −0.38 ± 2.55 97.8 −0.21 ± 1.42

Initial glucose 3.32 ± 0.31
After 30 min in the dark

at 25 ◦C 4.82 ± 0.42∗ 1.50 ± 0.52 145.2 0.83 ± 0.29
at 38 ◦C 3.08 ± 0.10 −0.24 ± 0.33 92.8 −0.13 ± 0.18
at 50 ◦C 2.08 ± 0.42∗ −1.24 ± 0.52 62.7 −0.69 ± 0.29

concentrations in Quercus ilex, and in the shade species
Alocasia odora, respiration rate was not enhanced by
sucrose feeding (Noguchi and Terashima 1997). Atkin
and Tjoelker (2003) suggested that at moderate temper-
atures, the respiratory flux in the dark is regulated by
the supply of substrates and/or adenylates, whereas in
the cold, respiration is limited by maximum capacity
of respiratory enzymes. Furthermore, different species,
especially under different ecological conditions like sun
or shade conditions or plants with different growth rate,
differ in respiration regulation (Noguchi and Terashima
1997, Loveys et al. 2003). Respiration increased after
feeding of glucose to a lesser extent in a slowly growing
Plantago species and was enhanced more in a fast-
growing Plantago species (Covey-Crump et al. 2002).
Similarly, it is likely that respiration in P. tremula, which
is a fast-growing species, may become substrate limited
and responds to addition of sugars, while this need not
hold true for other species, for example those with a
slower growth rate.

Temperature responses of dark respiration have
break-points

Measurements of dark-adapted chlorophyll fluorescence
F0 have been used to detect heat-induced damage of

photosynthesis. In high temperature, damage at pho-
tosystem II (PSII) is reflected in rapid increases in F0

(Briantais et al. 1996, Schreiber and Berry 1997, Yamane
et al. 1997). The temperature of fluorescence rise and
fluorescence peak are direct indexes of loss of chloro-
plast thermostability and a decline of PSII quantum yield
(Berry and Björkman 1980) and can be used to estimate
the heat tolerance of plants (Bilger et al. 1984, Seemann
et al. 1986). These so-called break-points (fluorescence
rise temperature, TF0) in fluorescence vs temperature
response curves are commonly associated with phase-
change temperature of thylakoid membranes (Armond
et al. 1980, Terzaghi et al. 1989). At temperatures higher
than phase-change temperatures, thylakoid membranes
are characterized by enhanced fluidity and leakiness and
partial dissociation of light-harvesting complexes of PSII
(Armond et al. 1980, Briantais et al. 1996).

Similarly to F0, dark respiration RD increased with
a faster rate at higher temperatures, i.e. exhibited a
break-point (Fig. 1). A steep increase was observed
between 49 and 55–56◦C. The respiration break-points
for A. thaliana and H. annuus were observed at lower
temperature than those of P. tremula (Fig. 2), which may
be due to differences between plant species. It may
be possible that the higher break-point of P. tremula
is connected with the ability of this species to emit
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isoprene. Aspen is known as a strong emitter of
the volatile compound isoprene. Reasons for such an
emission, which is not present in all plant species,
are currently under discussion. It was shown that
isoprene is able to provide additional thermotolerance to
isoprene emitting species (Sharkey et al. 2001, Sharkey
2005, Velikova et al. 2006, Behnke et al. 2007). The
mechanism of protection is not yet clear, but possibly
isoprene is able to stabilize membrane structures
(Havaux 1998). The ability of P. tremula to emit isoprene
may be a reason for the astonishingly high temperatures
at which break-points were observed. Arabidopsis and
sunflower do not emit isoprene.

Q10 values of RD are variable in response to
temperature, typically ranging from 1.4 to 4.0 (Tjoelker
et al. 2001), and they are decreasing with increasing
temperature (Atkin and Tjoelker 2003), i.e. respiration
is increasing more slowly than at lower temperatures.
In our experiments, Q10 values were decreasing with
increasing temperature up to the temperature range of
40 to 45◦C. Then, however, measurements indicate
an increase in Q10 values. A reason for this may
be an increase in leakiness of membranes at high
temperatures that will affect respiration, as concentration
gradients are more difficult to maintain if mitochondrial
membranes are too fluid (Atkin and Tjoelker 2003).
The break-point for respiration (TRD) is in the same
temperature range as the F0 break-point TF0 and both
break-points were correlated (Fig. 7), pointing to a
connection between TRD and TF0. The reason may be
a chemical one: both chloroplasts and mitochondria
depend on the intactness of their membranes for
functioning properly. As it is known that temperature
increases membrane leakiness, the observed break-point
temperatures are likely to indicate changed membrane
fluidity (which was shown earlier for thylakoids)
which in mitochondrial membranes may mean, e.g. an
uncoupling of ATP production from electron transport
by increasing membrane leakiness for protons. The
chemical composition of thylakoids, however, differs
from the one of mitochondrial membranes (Thebud and
Santarius 1982), making it possible that mitochondrial
membranes are more heat resistant than thylakoids and
should therefore exhibit a higher break-point. Havaux
(1996) found respiration stimulation under severe heat
stress of more than 50◦C. Other than TF0 break-points,
TRD need not indicate direct damage to respiration, as
the strong respiration increase actually showed that at
least the citric acid cycle (and necessarily glycolysis) are
not damaged but are rather working at high speed. The
citric acid cycle may, however, be partly uncoupled from
electron transport chain and ATP production because of
enhanced membrane fluidity.

Rather than chemical, the reason for the connection
between TRD and TF0 may be a physiological one. In
terms of production of ATP and of reducing equivalents,
chloroplasts and mitochondria are closely connected
(Gardeström 1996). Mitochondrial activity is needed
for optimal rates of photosynthesis at least under some
conditions and mitochondria can serve an important
role in oxidizing superfluous reducing equivalents
exported from chloroplasts (Gardeström and Wigge
1988, Krömer et al. 1988, 1993, Igamberdiev et al. 1998,
Guo et al. 2005). Any changes in the mitochondrial
membrane and dark respiration are likely to influence the
mitochondrial capacity to oxidize reducing equivalents
from chloroplast. When mitochondrial electron flow
is increased by decoupling, this may in turn increase
the capacity to use chloroplastic redox equivalents,
which would decrease F0 fluorescence, not increase
it, as observed here. On the other hand, an increased
respiration connected with increased starch breakdown
in chloroplasts (see below) will increase the transport
of triose phosphate from chloroplasts to mitochondria
which involves oxaloacetate and may counteract the
malate/oxaloacetate shuttle mediating the chloroplastic
redox export to the mitochondria. This scenario would
reduce the chloroplastic electron transport chain and
increasing F0. Furthermore, even in dark, the redox
state of the plastoquinone pool and the electrochemical
gradient across thylakoid membranes are affected by
functioning of mitochondria (Gans and Rébeillé 1990,
Bennoun 1994, Hoefnagel et al. 1998). An inhibition of
mitochondrial ATP production, e.g. by uncoupling due
to heat can influence plastoquinone reduction state and
lower the cellular ATP pool which in turn probably
increases glycolytic activity (Pasteur effect; Rébeillé
and Gans 1988). The result would be an acceleration
of the NADPH production, increased reduction of
the plastoquinone pool and probably state I–state II
transitions (Bulté et al. 1990, Gans and Rébeillé 1990,
Hoefnagel et al. 1998), resulting in an increase of F0

fluorescence.

Sugar feeding reduces the high-temperature
increase in respiration rate

As reported before, cells in sugar-fed leaves are more
resistant to higher temperature. A shift in fluorescence
break-point temperatures (TF0) was found after feeding
leaves with sugar solutions of various concentrations. It
was further found that the increase in fluorescence rise
temperatures due to sugar feeding was correlated with
leaf osmotic potential and sugar concentration (Hüve
et al. 2006). In a similar way, respiration break-point
temperature (TRD) increased after artificially increasing
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the leaf sugar content (Figs. 4 and 5B). As was observed
for TF0, also TRD depended on leaf sugar content (not
linearly, Fig. 5) and on leaf osmotic potential (linearly,
Fig. 7). The different dependencies indicate that the
influence of sugar on respiration was not one of the
osmotic potential alone. Nevertheless, both, sucrose
and sorbitol, were able to increase TRD, showing that
also a mere change in osmotic potential affected TRD.
Although the leaf sugar concentrations in treatments
with the highest sugar concentrations in the feeding
solution is physiologically unrealistic, already doubled
values of sugars (about 0.2 kg kg−1 water, Fig. 5A) led
to an increase of respiration break-point by about
3◦C. Furthermore, sugars are naturally accumulating
in the leaf under high temperatures above 35◦C due
to declining sugar export (Jiao and Grodzinski 1996).
Besides the metabolic effects of carbon feeding, sugars
act as signaling molecules to affect gene regulation
mechanisms (Couée et al. 2006). Differences in sucrose
and sorbitol effects can therefore also be related to
possible function of sucrose as a signaling molecule.

The respiration increase is connected to an
increase in starch degradation

The results obtained by pulse-chase experiments con-
firmed the statement on substrate regulation of respi-
ration in the dark at moderate and high temperatures.
Similar trends in temperature dependence of respiration
and starch degradation (Fig. 9) suggest that the latter
may be responsible for the temperature-mediated shifts
in respiration. This suggestion is powered by the findings
that (1) no significant effects of temperature on the con-
version of pulse-labeled soluble photosynthates (Fig. 9)
and sucrose (Table 2) were seen during the chase in
the dark and (2) no break-point in temperature curve of
respiration was detected in leaves of wheat, known as a
starch-deficient species (Fig. 2). Respiration and break-
down of starch showed similar temperature curves with
break-points also in leaves of A. thaliana (O. Keerberg,
unpublished data). Nakamura and Miyachi (1982) found
that in Chlorella vulgaris, the rate of degradation of
pulse-labeled starch increased slowly in the tempera-
ture range from 20 to 28◦C and steeply at temperatures
higher than 28◦C. Furthermore, in starch-accumulating
species, the rate of respiration in the dark was found to
be significantly higher than in starch-deficient species
(Pärnik et al. 2002, Ivanova et al. 2008).

If acceleration of starch degradation is responsible
for the abrupt increase in the rate of respiration under
high temperatures, the addition of sucrose may provide
generous amounts of respiration substrate and may
make a breakdown of starch unnecessary. However,

it was not possible to simulate the abrupt increase in
respiration by modification of sucrose concentration in
leaves. Instead of that, an overall increase in respiration
was detected when leaves were fed with solutions
of sucrose of different concentrations (Fig. 3), hinting
again, as discussed before, to substrate limitation of
respiration. The rate of respiration was saturated at
sucrose concentrations of about 0.15 kg kg−1 leaf water
(Fig. 4). Furthermore, no net consumption of sucrose
was detected during 30-min chase in the dark. This
was true even at 50◦C where an abrupt increase in
respiration was observed (Table 2 and Fig. 1A). These
findings suggest that products of starch degradation
entered the respiratory chain not via cytosolic pathway
(formation and conversion of sucrose) but rather via
reactions in chloroplasts where products of starch
degradation are converted into triose phosphates, the
latter transported out of chloroplasts and consumed in
respiratory reactions in cytosol and mitochondria. It
was discussed before how this may reduce chloroplastic
electron transport chain by impairing the mitochondrial
role in oxidizing superfluous reducing equivalents.
Artificially fed sucrose, on the other hand, will probably
enter the cytosol first and thus by a different pathway
than the products of starch degradation.

The mechanism of starch degradation and of its
regulation is not fully understood. A close and
regulated relationship between ATP availability and
starch metabolism in the cell is very likely (Geigenberger
2011). Feeding of external sugars can stimulate starch
biosynthesis even in the dark (Hendriks et al. 2003).
It is not excluded that high concentrations of soluble
sugars (sucrose and/or sorbitol) may suppress the
high-temperature increase in starch degradation and
consumption in respiratory processes. This may be one
of the reasons for the elimination of break-points in
temperature curves of respiration in sugar-fed leaves
(Fig. 5). In this context, it is important to establish
whether feeding with sugars exert a similar effect
on break-points in the temperature curves of starch
degradation. Such experiments are planned for the near
future.
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Abstract 
 
Using a radiogasometric method the rates of photorespiratory and respiratory decarboxylations of primary and stored 
photosynthates in the leaves of two groups of C3 species, differing in the ability of starch accumulation, were 
determined. One group included starch-accumulating (SA) species with rates of starch synthesis on the average 38 % the 
rate of photosynthesis [Solanum tuberosum L., Arabidopsis thaliana (L.) Heynh, Helianthus annuus L., and Plantago 
lanceolata L.]. The second group represented starch-deficient (SD) species with rates of starch synthesis less than 8 % 
the rate of photosynthesis (Secale cereale L., Triticum aestivum L., Hordeum vulgare L., and Poa trivialis L.). In SA 
species the rate of respiration in the dark was significantly higher than in SD species. No differences were found in the 
rates of photosynthesis, photorespiration, and respiration under irradiation. Thus, the degree of inhibition of respiration 
by irradiation was in SA species higher than in SD species. It is concluded that starch does not provide substrates for 
respiratory and photorespiratory decarboxylations in irradiated photosynthesizing leaves. 
 
Additional key words: intracellular decarboxylation; photorespiration; photosynthesis; respiration; starch-accumulating species; 
starch-deficient species; starch degradation. 
 
Introduction 
 
Respiration and photorespiration depend on substrates 
formed in the reactions of the photosynthetic carbon 
metabolism. These compounds may be divided into two 
groups, primary photosynthates and stored photosyn-
thates. Primary photosynthates are metabolites of current 
photosynthesis with a turnover halftime in the order of 
minutes. Stored photosynthates are the end products of 
photosynthesis (for the most part starch, sucrose, and/or 
fructans) accumulating during the day in photosynthe-
sizing leaves. The turnover halftime of these compounds 
is in the order of hours or tens of hours. Both primary and 
stored photosynthates can be used as substrates for photo-
respiratory as well for respiratory decarboxylations under 
irradiation (Pärnik and Keerberg 1995). However, 
methods commonly used in studies of photorespiration 
and respiration under irradiation (see review by Hunt 
2003) do not  distinguish between these two groups of 
substrates. Nevertheless, knowledge of the contribution 
of primary and stored photosynthates to different types of 
decarboxylation reaction is important for understanding 
the interrelations of photosynthesis, photorespiration, and 
respiration in irradiated leaves, and in connection with it, 
what is the substrate basis of the inhibition of respiration 

by irradiation, largely variable in different species (Pärnik 
et al. 2002, Hurry et al. 2005). Both the primary and 
stored photosynthates are involved as substrates of 
respiration under irradiation while only stored photo-
synthates could be consumed in respiration in the dark. A 
special problem is related to substrate contribution of 
stored sucrose and starch to photorespiratory and respi-
ratory decarboxylations under irradiation. In the dark 
both sucrose and starch provide substrates for respiratory 
decarboxylations. However, it may not to be valid for the 
consumption of these compounds under irradiation. 
Starch degradation is suppressed by irradiation as demon-
strated in pulse chase labelling experiments with leaves 
of pea (Kruger et al. 1983), sugar beet (Fox and Geiger 
1984), and Arabidopsis (Zeeman and ap Rees 1999, 
Keerberg et al. 2005). 

As an aid in elucidating the carbon source of decarbo-
xylations under irradiation we designed a combined radio-
gasometric method enabling the determination of the 
rates of respiration and intracellular decarboxylation 
under steady-state photosynthesis, distinguishing between 
photorespiratory and respiratory CO2 fluxes, and the 
estimation of the contribution of primary and stored  
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photosynthates as substrates for photorespiration and 
respiration (Pärnik and Keerberg 1995, Bykova et al. 
2005). The method has been applied in studies of 
respiratory and photorespiratory metabolism in a number 
of C3 species. In this paper we present the data on 
respiratory and photorespiratory decarboxylations in two 
groups of C3 species differing in the ability of starch 
accumulation in the leaves. Solanum tuberosum, Arabido-
psis thaliana, Helianthus annuus, and Plantago lanceo-
lata were considered as starch-accumulating (SA) species 
with high rate of starch synthesis while Secale cereale, 
Triticum aestivum, Hordeum vulgare, and Poa trivialis 

represented starch-deficient (SD) species with low rate of 
starch synthesis. The aim of this study was to establish 
how the extent of starch accumulation affects the rates 
and ratio of decarboxylation components under irradia-
tion and in the dark. In SA species the rate of respiration 
in the dark was significantly higher than in SD species 
while no differences were detected in the rates of 
respiration under irradiation. Thus, the degree of light 
inhibition of respiration was in SA species higher than in 
SD species, the fact suggesting that starch degradation 
and consumption in photorespiratory and respiratory 
decarboxylations were suppressed by irradiation. 

 
Materials and methods 
 
Plants of eight C3 species, Solanum tuberosum L., 
Arabidopsis thaliana (L.) Heynh, Helianthus annuus L., 
Plantago lanceolata L., Secale cereale L., Triticum 
aestivum L., Hordeum vulgare L., and Poa trivialis L. 
were grown in soil under combined irradiation of high-
pressure sodium vapour lamp LU400/HO/T/40NG 
(Lucalox, Hungary) and high-pressure mercury vapour 
fluorescent lamp LRF 250W E40 (Polamp, Poland), or 
under fluorescent tubes BS-30 (Saransk Factory, Russia) 
at following conditions: irradiance 250–300 µmol m–2 s–1, 
light/dark period 16/8 h (8/16 h for A. thaliana), and 
day/night temperature 22/16 °C. All measurements were 
carried out with fully expanded attached leaves on the 
second half of photoperiod (3–8 h after switching on the 
light) under environmental conditions indicated in 
descriptions of corresponding experiments. 
 
Radiogasometric measurements of CO2 exchange: 
Photosynthetic and respiratory CO2 fluxes were 
determined under steady-state photosynthesis using a 
radiogasometric method (Pärnik and Keerberg 1995, 
Bykova et al. 2005). The measurements of CO2 exchange 
were performed in a rapidly operating multi-channel 
exposure system described by Pärnik et al. (1987). The 
amount of 14CO2 evolved from leaves, previously 
exposed to 14CO2, was measured in a closed gas system 
by means of Geiger-Müller counters. The components of 
12CO2 exchange, i.e. net photosynthesis (PN), respiration 
in the dark (RD), and CO2 efflux into CO2-free 
atmosphere were measured in the open gas system with 
LI-6262 CO2/H2O analyzer (LI-COR, Lincoln, NE, USA). 
The rate of transpiration (E), stomatal conductance (gs), 
and internal concentration of CO2 (Ci) were determined 
as described by Laisk and Oja (1998). 

The radiogasometric method enables to determine 
intracellular rates of photorespiration and respiration in 
irradiated leaves under steady-state photosynthesis and 
distinguish primary and stored photosynthates as 
substrates of photorespiratory and respiratory decarboxy-
lations. Primary and stored photosynthates are distin-
guished on the basis of their different labelling kinetics 
during exposure of leaves to 14CO2. Pools of primary 

photosynthates (such as the metabolites of the reductive 
pentose phosphate cycle and of the glycolate cycle, 
intermediates of starch and sucrose synthesis and of 
glycolysis) are saturated with 14C by 10–15 min of 
exposure to 14CO2 (Ivanova et al. 1993). On the contrary, 
long-term exposures (2–3 h) are required to achieve any 
measurable level of the specific radioactivity of 14CO2 
evolved from stored photosynthates (starch, sucrose, 
fructans, vacuolar acids). Discrimination between photo-
respiration and respiration is based on their different 
dependence on oxygen concentration assuming that pho-
torespiration is linearly dependent on oxygen concen-
tration up to 210 dm3 m–3 while respiration becomes 
saturated with oxygen at about 15 dm3 m–3. Determi-
nation of intracellular re-fixation of respiratory CO2 is 
based on the assumption that probability of re-fixation of 
14CO2 evolved inside the cell is close to zero when 
measurements are performed at very high concentrations 
(30 dm3 m–3) of 12CO2. 
 
Determination of the rate of starch synthesis was made 
from the kinetics of its labelling under steady-state 
photosynthesis in the medium of 14CO2. Leaves were 
exposed to 14CO2 for 5, 20, 60, 120, 360, and 600 s and 
killed in boiling ethanol. The soluble compounds were 
extracted twice in boiling 80 % (v/v) ethanol and once in 
boiling acidified 96 % ethanol. The leaf material 
remaining after the extraction was incubated in a solution 
of -amylase [Boehringer, Germany, 200 g m–3 (m/v) in 
sodium citrate buffer, pH 6.8] for 48 h at 35 °C and the 
radioactivity of hydrolyzed starch determined in the 
liquid scintillation counter LS 100C (Beckman, USA). 
From the values of radioactivity and of the specific 
radioactivity of 14CO2 fed to leaves the amounts of carbon 
incorporated into starch were calculated and plotted 
against the duration of exposure of leaves to 14CO2 (see 
Fig. 1 as an example). The experimental points were 
fitted to function  

14C(t) = rt + c[exp(-rt/c) – 1]      (1) 

describing time dependence of the amount of label 
incorporated into the end product of a linear reaction  
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Fig. 1. The absolute (A) and relative (B) 
radioactivity of starch as a function of the 
duration of exposure of leaves to 14CO2
under steady-state photosynthesis. Symbols 
represent the experimental points, curves are 
the theoretical values calculated from Eq. 1
after its fitting to experimental points by 
means of nonlinear regression procedure. 

 
chain fed under steady-state conditions with labelled 
substrate (Keerberg and Viil 1988). In Eq. 1 14C(t) is the 
amount of carbon incorporated into starch during feeding 
the leaves with 14CO2 for t s, parameter r is the molar rate 
of carbon incorporation into starch (the steady-state rate 

of starch synthesis), and parameter c is the total pool of 
precursors of starch in its biosynthetic pathway. The 
values of r and c were determined by means of nonlinear 
regression procedure. 

 
Results 
 
Rates of starch synthesis in leaves of different C3 
species: The rates of starch synthesis were calculated 
from its labelling curves in leaves irradiated for different 
periods in the medium of 14CO2 (see Materials and 
methods). Measurements were performed on the 2nd half 
of photoperiod under irradiances saturating photo-
synthesis. The species studied may be divided into two 
contrasting groups differing in the rates of starch 
synthesis. In the first group, including forbs S. tuberosum, 
H. annuus, A. thaliana, and Plantago lanceolata,  
28–44 % of the photosynthetically fixed carbon was 
incorporated into starch (on the average 38 % of the rate 
of photosynthesis). In the second group, that includes 
grasses H. vulgare, T. aestivum, S. cereale, and Poa 
trivialis, less than 8 % of fixed carbon was used for starch 
synthesis (on the average 6.8 % of the rate of photo-
synthesis). In the further presentation we shall refer to the 
species of the first group as starch-accumulating (SA) 
species and to the species of the second group as starch-
deficient (SD) species. 

 
Rates of photorespiratory and respiratory decarbo-
xylations in C3 species with different rates of starch 
synthesis: Table 1 presents the results of radiogasometric 
measurements of the rates of true photosynthesis (PT), the 
rates of total (R), photorespiratory (RP), and respiratory 
(RR) decarboxylations under irradiation, and the rates of 
respiration in the dark (RD) in leaves of different C3 
species. PT was defined as the sum of the rates of net 
photosynthesis (PN) and of CO2 evolution from leaves 
under irradiation (RL). R, RP, and RR are the real 
intracellular rates of decarboxylations taking into account 
the re-fixation of respiratory CO2. RD was measured  
30 min after switching off the light. From the molar rates 
the ratios of the rates of decarboxylation components to 

the rates of true photosynthesis (R/PT, RP/PT, and RR/PT), 
and the ratio of the rate of respiratory decarboxylation 
under irradiation to the rate of respiration in the dark 
(RR/RD) were calculated. Measurements were performed 
at irradiances saturating photosynthesis (in the range 
450–1 000 µmol m–2 s–1 in different experiments). 

Measurements were carried out in three replications 
on different leaves or set of leaves and means of the 
replications were calculated. Characteristics of CO2 
exchange in leaves of S. tuberosum, H. annuus, 
T. aestivum, and H. vulgare were determined in two and 
of S. cereale in four independent experiments. In Tables 1 
and 2 the mean values of data derived from these 
experiments (means of experiments) are presented. Limits 
of standard errors are not shown, the differences in gas 
exchange parameters of species belonging into the same 
group were not considered. For the both groups of species 
the mean values±SE of the rates and ratios of carbon 
fluxes were calculated. The significance (p<0.05) of diff-
erences between means of data from experiments with 
SA and SD species was estimated with two-sample t-test. 

The average rates of PT were similar in SA and SD 
species. In all species the prevailing decarboxylation 
mechanism was photorespiratory decarboxylation with 
the rate four to seven times exceeding the rate of 
respiratory decarboxylation. No significant differences 
between SA and SD species were found in the molar rates 
of total, photorespiratory, and respiratory decarboxyla-
tions and in their ratios to the rate of PT under irradiation. 
The relative rates of total decarboxylation (R/PT) varied 
in the range 17–21 %, rates of photorespiratory 
decarboxylations (RP/PT) in the range 15–18 %, and rates 
of respiratory decarboxylations (RR/PT) in the range  
2–4 % of RT. 

In SA species RD was about 1.5 times higher and the 
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ratio RR/RD two-fold lower than in SD species. Thus, in 
SA species irradiation suppressed respiration four times 
while in SD species only two-fold suppression was 
found. The different degree of suppression by irradiation 
of respiration in SA and SD species may be completely 
attributed to the different rates of respiration in the dark 

as the rates of respiratory decarboxylations under 
irradiation (RR) were almost the same in both groups of 
studied species suggesting that consumption of starch as 
substrate of decarboxylations may be suppressed or 
blocked under irradiation. 

 
Table 1. Rate of true photosynthesis (PT), rates of total (R), photorespiratory (RP), and respiratory (RR) decarboxylations under 
irradiation and rate of respiration in the dark (RD) [ mol(CO2) m–2 s–1] and their ratios [%] in leaves of starch-accumulating species 
(upper part of the Table) and in starch-deficient species (lower part of the Table). The components of CO2 exchange were determined 
by a radiogasometric method (see Materials and methods) under steady-state photosynthesis at 360–380 cm3 m–3 CO2, 210 dm3 m–3 
O2, and 450–1 000 µmol m–2 s–1 PFD. 1Mean of three replications in one experiment. 2Mean of two experiments, both in three 
replications. 4Mean of four experiments, each in three replications. aValues in one column are significantly different (p<0.05 
established by two-sample t-test). 
 
Species PT R RP RR RD R/PT RP/PT RR/PT RR/RD 

Solanum tuberosum2 18.63 3.24 2.89 0.35 1.29 17.2 15.4 1.9 26.7 
Arabidopsis thaliana1   8.65 1.63 1.48 0.15 0.99 18.8 17.1 1.7 15.2 
Helianthus annuus2 23.58 4.53 3.90 0.63 2.10 19.2 16.0 2.7 30.1 
Plantago lanceolata1 14.33 2.42 2.12 0.30 1.12 16.9 14.8 2.1 26.8 
Mean±SE 16.30±3.17 2.95±0.62 2.60±0.52 0.36±0.10 1.37a±0.25 18.0±0.6 15.8±0.5 2.1±0.2 24.7a±3.3 
Secale cereale4 13.06 2.59 2.08 0.51 0.85 21.1 16.8 3.9 60.1 
Triticum aestivum2 16.64 3.32 2.85 0.48 0.87 21.2 18.3 2.9 56.8 
Hordeum vulgare2 12.75 2.45 2.16 0.29 0.52 19.3 17.0 2.3 54.5 
Poa trivialis1 15.90 3.19 2.82 0.37 1.03 20.1 17.7 2.3 35.9 
Mean±SE 14.59±0.99 2.89±0.21 2.47±0.21 0.41±0.05 0.82a±0.11 20.4±0.5 17.5±0.4 2.9±0.4 51.8a±5.4 

 
Table 2. The total rates of decarboxylation of primary (RA) and stored (RS) photosynthates and the rates of their consumption in 
photorespiratory (RPA and RPS, respectively) and respiratory (RRA and RRS, respectively) decarboxylations [ mol(CO2) m–2 s–1] and 
their ratios [%] under irradiation in leaves of starch-accumulating species (upper part of the Table) and in starch-deficient species 
(lower part of the Table). The experimental conditions and the values of PT and RD as in Table 1. 1Mean of three replications in one 
experiment. 2Mean of two experiments, both in three replications. 4Mean of four experiments, each in three replications. aValues in 
one column are significantly different (p<0.05 established by two-sample t-test). 
 
Species RA RPA RRA RS RPS RRS RA/PT RS/RD RRS/RD 

Solanum tuberosum2 2.79 2.55 0.24 0.45 0.35 0.11 14.8 34.9 8.0 
Arabidopsis thaliana1 1.12 1.05 0.07 0.51 0.43 0.08 13.0 51.5 8.1 
Helianthus annuus2 3.87 3.32 0.55 0.26 0.18 0.08 16.0 11.9 4.2 
Plantago lanceolata1 2.16 1.94 0.22 0.26 0.18 0.08 15.1 23.2 7.1 
Mean±SE 2.48±0.57 2.21±0.48 0.27±0.10 0.37±0.06 0.28±0.06 0.09a±0.01 14.7±0.6 30.4a±8.5 6.9a±0.9 
Secale cereale4 2.19 1.81 0.38 0.40 0.27 0.13 17.3 49.3 15.4 
Triticum aestivum2 2.35 2.04 0.31 0.97 0.80 0.17 14.5 130.9 19.8 
Hordeum vulgare2 1.51 1.46 0.05 0.94 0.70 0.24 11.8 182.0 45.2 
Poa trivialis1 2.76 2.51 0.25 0.43 0.31 0.12 17.4 41.8 11.7 
Mean±SE 2.20±0.26 1.85±0.22 0.25±0.07 0.69±0.16 0.52±0.13 0.17a±0.03 15.3±1.3 101.0a±33.7 23.0a±7.6 

 
Substrates of photorespiratory and respiratory 
decarboxylations in C3 species with different rates of 
starch synthesis: The substrates for photorespiratory and 
respiratory decarboxylations under irradiation are primary 
photosynthates (products of current photosynthesis) and 
stored photosynthates (products of previous photo-
synthesis). The prevailing substrates of decarboxylations 
under irradiation were primary photosynthates. The 
average rate of consumption of primary photosynthates 

(RA) exceeded that of stored photosynthates (RS) in SA 
species six times and in SD species three times (Table 2). 
Primary photosynthates were used mainly in photorespi-
ratory decarboxylations (86 % the total rate). The rate of 
decarboxylation of primary photosynthates (RA/PT) made 
13–17 % of the rate of PT. Stored photosynthates were 
also used in both types of decarboxylations, preferably in 
photorespiration. 

No large differences between SA and SD species were 
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detected in molar rates of decarboxylation components. 
Interestingly, the rates of consumption of stored photo-
synthates in decarboxylations were in SA species even 
lower than in SD species. Significant differences between 
SA and SD species were found in the ratios of decarbo-
xylation of stored photosynthates under irradiation to the 
rate of respiration in the dark (RS/RD and RRS/RD). In the 
dark only stored photosynthates can be used in 
respiratory decarboxylations (there are no primary photo-
synthates and no photorespiration). The corresponding 
component under irradiation is RRS. In SD species irra-
diation suppressed the respiratory decarboxylation of 
stored photosynthates on average four times while in SA 
species up to 15-fold suppression was found (compare 
values of RRS and RD in Tables 2 and 1). The ratio RRS/RD 
was significantly higher in SD species compared to SA 
species. The ratio of the total rate of (respiratory plus 

photorespiratory) decarboxylation of stored photosyn-
thates under irradiation to the rate of respiration in the 
dark (RS/RD) was also higher in SD species. In SD species 
the rate of decarboxylation of stored photosynthates (RS) 
was almost equal with the rate of respiration in the dark 
(RD) while in SA species RS was about three-fold lower 
than RD. The differences of these ratios were derived 
from the higher RD and from the lower rates of respiratory 
decarboxylation of stored photosynthates under irradia-
tion in SA species compared to SD species (see Tables 1 
and 2). The latter may be explained by the higher content 
of soluble stored photosynthates in SD species. The lower 
rates of decarboxylation of stored photosynthates in SA 
species indicate that products of starch breakdown did not 
compensate the lower content of soluble photosynthates, 
the fact pointing to the possibility that starch was not 
metabolized under irradiation. 

 
Discussion 
 
Species with different ability of starch accumulation: 
SA and SD species were distinguished on the basis of the 
steady-state rates of starch synthesis in photosynthesizing 
leaves. This approach was preferred to the commonly 
used measurements of starch content in plant leaves. The 
latter is largely variable during diurnal cycle. In grasses 
studied the rates of starch synthesis were five to seven 
times lower than in forbs. The low capacity of starch 
accumulation seems to be a common feature of grasses. 
Reviewing the literature data, Cairns et al. (2002) found 
that in temperate grasses the rates of starch accumulation 
were 5–50 fold and net starch contents two to five times 
lower than in a large variety of SA species surveyed. 
However, the C3 temperate members of the Poales 
including winter rye, wheat, barley, and Poa trivialis are 
capable of producing and accumulating large quantities of 
fructans (Cairns et al. 2000). 

 
Photosynthetic and respiratory CO2-exchange in 
species with different rates of starch synthesis: In all 
species studied the prevailing mechanism of CO2 
production under irradiation was photorespiration. The 
rates of photorespiratory decarboxylations four to seven 
times exceeded the rates of respiratory decarboxylations 
(Table 1). The prevailing substrates of decarboxylation 
reactions were primary photosynthates. The contribution 
of stored photosynthates to decarboxylations was 15–
30 % (Table 2). About 75 % of stored photosynthates 
were consumed in photorespiratory decarboxylations with 
the rate constituting 10–20 % of the total rate of 
photorespiration (Tables 1 and 2). Consumption of stored 
products of photosynthesis in photorespiration has been 
earlier suggested by Goldsworthy (1970). Mahon et al. 
(1974) established that after 15 min exposure of 
sunflower leaves to 14CO2 the specific radioactivities of 
3-phosphoglyceric acid, glycine, and serine were 
significantly lower than the specific radioactivity of the 

14CO2 originally fed to the leaves. These findings suggest 
that besides photosynthesis there must be an additional 
flow of unlabelled carbon into the reductive pentose 
phosphate cycle. At low concentrations, near to the CO2 
compensation concentration (where most of the gaso-
metric measurements of respiration are performed), the 
substrates of photorespiration must be derived from 
stored photosynthates (Stitt et al. 1985). In these condi-
tions contribution of primary photosynthates is low as the 
rate of net photosynthesis is close to zero. 

No significant differences between SA and SD 
species were found in the rates of photosynthesis, photo-
respiration, and respiration under irradiation (Table 1). 
However, the rate of respiration in the dark was in SA 
species significantly higher than in SD species. It may be 
explained by the enhanced availability of substrates in SA 
species where large quantities of starch may be involved 
in respiration. A correlation between the concentration of 
starch and the rate of respiration in the night has been 
found in leaves of pepper (Grange 1985), soybean 
(Mullen and Koller 1988), and a sex4 mutant of 
Arabidopsis with repressed endoamylase (Zeeman and ap 
Rees 1999). In wheat leaves the RD was also dependent 
on the content of starch, the latter modified by duration of 
irradiation of leaves at different concentrations of CO2 
(Azcón-Bieto and Osmond 1983). The rate of starch 
degradation was relatively constant during the night 
(Zeeman and ap Rees 1999, Smith et al. 2005). The rate 
is adjusted to a value enabling consumption during the 
night of whole starch accumulated in leaves by the end of 
day. Thus the rate of starch degradation is determined by 
its content at the beginning of dark period. This is 
consistent with our data on higher RD in SA species. 
However, the mechanism of this phenomenon is not 
known. 

In SA species the extent of inhibition of respiration by 
irradiation was significantly higher than in SD species 
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(Table 1). This difference between SA and SD species 
may partly explain the large variability of literature data 
on the extent of inhibition of respiration by irradiation in 
different species (Atkin et al. 2000, Hurry et al. 2005). 
The suppression of respiration under photorespiratory 
conditions has been explained by the change of phospho-
rylation status of mitochondrial pyruvate dehydrogenase 
resulting in the loss of its activity (Tovar-Mendez et al. 
2003). Functioning of the partial TCA cycle under 
irradiation has also been proposed to contribute to a 
decrease in respiratory decarboxylations (Hurry et al. 
2005). Under irradiation, isocitrate dehydrogenase is 
suppressed by increased redox levels of the mitochondrial 
pools of NAD+ and NADP+ derived from photorespi-
ration (Igamberdiev and Gardeström 2003). The main 
product of the partial TCA cycle under irradiation is 
citrate exported from mitochondria to the cytosol 
(Hanning and Heldt 1993). This would decrease decar-
boxylations linked to respiration. 

 
Suppression of starch degradation in photosynthe-
sizing leaves: In SA species the RD was significantly 
higher than in SD species while no differences were 
found in RL (Table 1). The consumption of stored photo-
synthates in decarboxylation reactions under irradiation 
was in SA species slower than in SD species (Table 2). 
These two facts suggest that under irradiation starch may 
not be involved in supplying the substrates for respiratory 
and photorespiratory decarboxylations. Thus, the diffe-
rences in the extent of inhibition of respiration by 
irradiation in SA and SD species may be explained by the 
suppression of starch degradation in photosynthesizing 
leaves. 

Inhibition of the degradation of 14C-labelled starch 
under irradiation has been observed in leaves of pea 
(Kruger et al. 1983), sugar beet (Fox and Geiger 1984), 

and Arabidopsis of the wild type and of sex4 mutant 
(Zeeman and ap Rees 1999, Zeeman et al. 2002). 
Degradation of starch is suppressed only in photosyn-
thesizing leaves, the inhibition is eliminated in CO2-free 
air under irradiation as demonstrated in experiments with 
leaves of sugar beet (Fox and Geiger 1984, 1986), spin-
ach (Stitt et al. 1985), and Arabidopsis (Keerberg et al. 
2005). The inhibitory signal, initiated at low irradiances, 
is derived from or mediated by the reactions of photo-
synthetic carbon metabolism. 

The mechanisms of starch degradation are not fully 
understood. Numerous enzymes that could participate in 
starch breakdown are present in leaves but the relative 
importance of each has not been determined. Recently 
Zeeman et al. (2004) and Smith et al. (2005) proposed a 
pathway of starch breakdown in Arabidopsis. According 
to this scheme soluble glucans are released from starch 
granule by glucan, water dikinase (GWD), phospho-
glucan, water dikinase (PWD), and/or -amylase. Cleav-
age of linear glucans is catalyzed mainly by -amylase. 
Formed in this reaction maltose is transported into the 
cytosol via specific maltose transporter. Maltose is consi-
dered as the main product of starch degradation, forma-
tion of glucose and glucose-1-P has minor relative im-
portance. However, the mechanisms of light-dark 
regulation of starch degradation remain unclear. The 
suppression of starch degradation in photosynthesizing 
leaves has been explained by the reduction of the activity 
of participating enzymes induced by the changes of pH 
(Pongratz and Beck 1978, Okita and Preiss 1980), by 
changes of energy charge, ATP/ADP ratio, and the redox 
state of electron transport chain (Gfeller and Gibbs 1984, 
1985, Walters et al. 2004), and by changes of the phos-
phate status of chloroplasts (Usuda and Shimogawara 
1991, Qiu and Israel 1994, Zeeman et al. 2004, Smith  
et al. 2005). 
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INTRODUCTION

Interrelations of photosynthesis, photorespiration,
and respiration in illuminated leaves have been covered
in several recent reviews [1–3]. Some special problems
related to the methods applied in measurements of the
intracellular rate of respiratory decarboxylations and
refixation of evolved 

 

ëé

 

2 [3–5], to the inhibition of
respiration in the light under different environmental
conditions [6, 7], and to the relevance of mitochondrial
respiratory chain to photosynthetic processes [1, 8]
have also been widely discussed. Their solution by
means of common gasometric methods is a compli-
cated task as the opposite 

 

ëé

 

2 fluxes (fixation and evo-
lution) under the conditions of steady-state photosyn-
thesis should be separated. Separation of these fluxes
may be achieved by combining gasometric and radio-
metric methods permitting the distinguishing of fixed

 

ëé

 

2 and evolved CO2 by their labeling with different
carbon isotopes (

 

12C and 

 

14C). One such combined
radiogasometric method was worked out in our labora-
tory [9]. The method enables the determination of the
rates of respiration and intracellular decarboxylation
under steady-state photosynthesis, the distinguishing
between photorespiratory and respiratory 

 

ëé

 

2 fluxes,
and the estimation of the contribution of primary and

stored photosynthates as substrates for respiration and
photorespiration.

The method has been applied in studies of respira-
tory and photorespiratory metabolism in a number of

 

ë

 

3 species. Although the basic mechanisms of 

 

ëé

 

2 fix-
ation, photorespiration and respiration are the same in
all

 

ë

 

3 species, a large diversity has been described
between species with respect to the nature and amount
of compounds accumulating in leaves during photosyn-
thesis. According to the classification presented by
A.T. Mokronosov [10], 

 

ë

 

3 species may be divided into
five groups:

(1) Species with prevailing accumulation of sucrose
and starch as products of photosynthesis. In this group,
monocotyledons are characterized by a low rate and
dicotyledons by a high rate of synthesis of starch depos-
ited temporarily in chloroplasts.

(2) Species accumulating raffinose, stachyose, ver-
bascose, and other oligosaccharides. In the family
Cucurbitaceae, these compounds constitute 30–40% of
the total assimilates.

(3) Species in which, concomitantly with sucrose
and starch synthesis, hexose phosphates are reduced to
mannitol and sorbitol, e.g., in leaves of celery, lilac,
ash-tree, and oak.

(4) Species in which a substantial portion of early
photosynthates is directed to the shikimate pathway.
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Abstract—The rates of CO2 fixation and respiratory CO2 fluxes in six C3 species, namely Solanum tuberosum,
Nicotiana tabacum, Arabidopsis thaliana, Hordeum vulgare, Triticum aestivum, and Secale cereale, were
determined under steady-state photosynthesis. The plants may be divided into two groups: (a) cereals with a
low rate of starch synthesis (7–5% of true photosynthesis); (b) plants with a high rate of starch synthesis (45–
35% of true photosynthesis). In the light, primary and stored photosynthates are consumed as substrates for both
respiratory and photorespiratory pathways. In leaves of cereals, the total rate of respiratory and photorespiratory
decarboxylations of stored photosynthates was higher in the light than in the dark, while, in starch-synthesizing
species, stored photosynthates were consumed at a higher rate in the dark. Under normal environmental condi-
tions, respiratory decarboxylation of stored photosynthates was suppressed by light in all species studied. The
total rate of respiration as the sum of decarboxylation of stored and primary photosynthates was not affected by
light in cereals, but suppressed in starch-accumulating plants. This suppression was not compensated for by the
additional supply of respiratory substrates from primary photosynthates in the light.
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Synthesis of phenolic compounds is typical to woody
and tea plants and other species accumulating tannins.

(5) Species, characterized by large pools of serine,
glycine, and glycolate (legumes).

Compounds formed in the reactions of photosyn-
thetic carbon metabolism are used as substrates for res-
piration and photorespiration. Therefore, quantitative
characteristics of these decarboxylation reactions may
be influenced by the composition and content of the
products of photosynthesis in different plant species. In
this paper, we present data on the respiratory fluxes in
starch-accumulating and starch-deficient species fall-
ing into group 1.

MATERIALS AND METHODS

Plants of six 

 

ë

 

3 species, namely Solanum tubero-
sum, Nicotiana tabacum, Arabidopsis thaliana, Hor-
deum vulgare, Triticum aestivum, and Secale cereale,
were grown in soil under combined illumination of
high-pressure sodium vapor lamp LU400/HO/T/40NG
(LUCALOX, Hungary) and high-pressure mercury-
vapor fluorescent lamp LRF 250W E40 (POLAMP,
Poland) or under fluorescent tubes BS-30 (Saransk fac-
tory, Russia), under the following conditions (except 

 

A.
thaliana): an irradiance of 250–300 

 

µmol/(m

 

2 s), a
light/dark period of 16/8 h and a day/night temperature
of

 

22/16°ë. All measurements were carried out with
fully expanded attached leaves under normal environ-
mental conditions comprising 350 

 

µl

 

ëé

 

2/l, 210 ml

 

é

 

2/l, PPFD of 750 

 

µmol/(m

 

2 s), and temperature of

 

25°ë. The photoperiod for 

 

A. thaliana was 8/16 h, and
the irradiance during growth and measurements was
150

 

µmol/(m

 

2 s).
Photosynthetic and respiratory 

 

ëé

 

2 fluxes were
determined under steady-state photosynthesis using a
radiogasometric method [9]. The components of 

 

12

 

ëé

 

2
exchange, i.e., net photosynthesis (

 

P

 

N), respiration in
the dark (

 

R

 

D), and 

 

ëé

 

2 efflux into 

 

ëé

 

2-free atmo-
sphere, were measured in the open gas system with a
LI-

 

6262 CO

 

2

 

/H

 

2

 

O analyzer (LI-COR, United States).
The radiogasometric method applied [9] enables us

to distinguish between primary and stored photosyn-
thates as substrates for respiratory and photorespiratory
decarboxylations. Primary photosynthates are the prod-
ucts of current photosynthesis exhibiting a high rate of
exchange of their pools (metabolites of the Calvin cycle
and glycolate cycle, intermediates of starch and sucrose
synthesis and of glycolysis). Stored photosynthates are
end products of photosynthesis accumulating by day in
photosynthesizing leaves (starch, sucrose, vacuolar
acids). In order to determine the rate of decarboxylation
of primary photosynthates, the following experimental
protocol was used: (1) preillumination of leaves
exposed to 

 

12

 

ëé

 

2 to achieve a steady-state rate of pho-
tosynthesis; (2) exposure of leaves to 

 

14

 

ëé

 

2 for 600–
900 s to saturate the primary photosynthates with 14C;
(3) cleaning the chamber with 

 

12

 

ëé

 

2 for 4 s; (4) record-

ing of 

 

14

 

ëé

 

2 efflux into a medium containing 350 

 

µl/l

 

12

 

ëé

 

2 to determine the steady-state rate of 

 

14

 

ëé

 

2 evo-
lution and into a medium containing 35 ml/l 12CO2 to
measure the rate of intracellular decarboxylation. High

 

12

 

ëé

 

2 concentration decreased the specific radioactiv-
ity of 

 

ëé

 

2 inside the leaf almost hundred-fold with a
concomitant reduction of the probability of reassimila-
tion of labeled molecules of 

 

ëé

 

2 allowing the total
intracellular

 

14

 

ëé

 

2 efflux to be measured [11]. The

 

ëé

 

2 evolution under normal 

 

14

 

ëé

 

2 (

 

*R

 

PE) and high

 

ëé

 

2

 

 (*R

 

PI

 

), the rates of 

 

ëé

 

2 evolution (

 

R

 

PE), and intra-
cellular decarboxylation (

 

R

 

PI) of primary photosyn-
thates were calculated from the initial slope of 14CO2
evolution curve:

 

R

 

PE

 

 = *R

 

PE

 

/S

 

P

 

and R

 

PI

 

 = *R

 

PI

 

/S

 

P

 

,

where

 

S

 

P is the specific radioactivity of 

 

14

 

ëé

 

2 fed to
leaves. From these results, the rate of intracellular reas-
similation

 

R

 

r

 

 = R

 

PI

 

 – R

 

PE and the reassimilation coeffi-
cient r

 

 = R

 

r

 

/R

 

PI could be calculated. In order to distin-
guish between photorespiration and respiration, mea-
surements were carried out in parallel at two O2
concentrations, 210 and 15 ml/l, assuming that photo-
respiratory decarboxylation is linearly dependent on
the oxygen concentration at least up to 210 ml/l while
respiratory decarboxylation becomes saturated with
oxygen at about 15 ml/l. In accordance with this, pho-
torespiration RPP at normal O2 (210 ml/l) equals

(1)

where RPI(210) and RPI(15) are rates of decarboxyla-
tion of primary photosynthates at atmospheric
(210 ml/l) and low (15 ml/l) é2 concentrations, respec-
tively [12]. The rate of respiratory decarboxylation of
primary photosynthates in the light (RPR) was calcu-
lated as the difference between total and photorespira-
tory decarboxylation

RPR = RPI – RPP. (2)

Decarboxylation of stored photosynthates was
determined in the same leaves after measurement of the
decarboxylation of primary photosynthates. Experi-
ments were performed according to the following pro-
tocol: (1) leaves were exposed to 14ëé2 for 3–4 h; (2)
leaves were illuminated in 12ëé2 atmosphere for 20–
30 min to eliminate 14C from pools of primary photo-
synthates; (3) 14ëé2 efflux from leaves was measured
at 350 µl/l 12ëé2 to determine the steady-state rate of
14ëé2 evolution (*RSE). Measurements were per-
formed in parallel at 210 and 15 ml/l in the light and in
the dark. Respiration in the dark was measured for ten
min after switching off the light. In order to determine
the specific radioactivity of ëé2 evolved from stored
photosynthates (SS), 14ëé2 and 12ëé2 effluxes into
ëé2-free atmosphere were measured after 10–15 min
illumination of leaves in the medium lacking ëé2.
Components of decarboxylation of stored photosyn-
thates were calculated according to formulas similar to
those used for the treatment of data on primary photo-

RPP RPI 210( ) RPI 15( )–[ ]/ 1 15/210–[ ],=
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synthates. The total rate of decarboxylation of stored
photosynthates was calculated from

RSI = *RSE/[SS × (1 – r)],

the rate of photorespiratory decarboxylation of stored
photosynthates from

RSP = [RSI(210) – RSI(15)]/[1 – 15/210], (3)

and the rate of respiratory decarboxylation of stored
photosynthates from

RSR = RSI – RSP. (4)

Thus, the rates of four respiratory components in the
light under steady-state photosynthesis were deter-
mined: (1) photorespiratory decarboxylation of pri-
mary photosynthates, (2) respiratory decarboxylation
of primary photosynthates, (3) photorespiratory decar-
boxylation of stored photosynthates, and (4) respiratory
decarboxylation of stored photosynthates.

The total rates of photorespiratory (RP) and respira-
tory (RR) decarboxylations may be calculated as the
sum of corresponding values for primary and stored
photosynthates:

RP = RPP + RSP

RR = RPR + RSR.

The total rate of decarboxylation (R) equals

R = RP + RR,

and the rate of ëé2 efflux from leaves (RL) in light

RL = R(1 – r).

From these data, the rates of true photosynthesis
(PT) and carboxylation of RuBP (PC) may be calculated
according to the formulae:

PT = PN + RL

PC = PN + R.

Carboxylation of phosphoenolpyruvate (PEP) was
not taken into account as its contribution to photosyn-
thesis has been shown to be less than 3% [12].

The rate of starch synthesis was determined from
kinetics of labeling under steady-state photosynthesis
of leaves in the medium of 14ëé2. Leaves were exposed
to 14ëé2 for 5–900 s and killed in liquid nitrogen, and
then soluble compounds were extracted with hot etha-
nol or 6% perchloric acid. The remaining material was
incubated in a solution of amylase (Sigma) (250 mg/l in
sodium citrate buffer) for 48 h at 35°ë. The radioactiv-
ity of hydrolyzed starch was counted and plotted
against the duration of exposure of leaves to 14ëé2.
From the 14ëé2 evolution curves, the rate of starch syn-
thesis was calculated according to the procedure
described by Keerberg and Pärnik [13].

RESULTS

The rates of ëé2 exchange components in leaves of
some ë3 species are shown in Fig. 1. The rate of car-

boxylation represents the sum of the rates of true pho-
tosynthesis and intracellular reassimilation of respira-
tory ëé2, and the rate of decarboxylation is the sum of
intracellular rates of photorespiration and respiration.
In Fig. 1, the species are arranged in order of their
descending ability to synthesize starch (see Table 1).
On the basis of the relative rate of starch synthesis, the
species may be divided into two groups: (a) starch-
accumulating plants (potato, tobacco, and arabidopsis)
with the rate of starch synthesis equal to 44–35% of the
rate of true photosynthesis, and (b) cereals (barley,
wheat, and rye), in which the rate of starch synthesis
did not exceed 8% of the rate of true photosynthesis. In
the light, the main respiratory flux in leaves of all tested
species was derived from photorespiratory decarboxy-
lation of primary and stored photosynthates (Table 1).
The relative rate of respiratory decarboxylation of pri-
mary and stored photosynthates equaled on average
only 6.4% of the rate of true photosynthesis, which is
about four times lower than the rate of photorespiratory
decarboxylation. No distinct differences in the rates
and ratios of respiration components were detected
between starch-accumulating plants and cereals.

ëé2 exchange components were also measured in
wheat leaves differing in ploidy to determine their pos-
sible influence on the photorespiratory and respiratory
metabolism (Table 2). Experiments were carried out
with high-productive T. aestivum (cv. Saratovskaya-
29), hexaploid; Norröna mutant 0495, hexaploid; wild
type T. monococcum, diploid; and wild type T. dicoc-
coides, tetraploid [14]. The highest rate of photosynthe-
sis was found in hexaploid Saratovskaya-29. In all
ploidy species, the prevailing component of decarbox-
ylation was photorespiration. The rate of respiration in
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Fig. 1. Rates of carboxylation and decarboxylation in the
light in leaves of six C3 species, µmol CO2/(m2 s).

—true photosynthesis; —reassimilation; —photo-
respiration; —respiration in the light.
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the light was somewhat higher in diploid and tetraploid
than in hexaploid species.

In species studied, the ratio of photorespiration to
true photosynthesis (RP/PT) varied in the range from
14.3% in the potato to 27.5% in barley (Tables 1, 2).
This ratio is determined by the ëé2/é2 specificity (S)
of Rubisco and by the concentrations of ëé2 (CC) and
é2 (OC) in reaction centers according to the formula:

S = PC × OC/(PO × CC), (5)

where PC is the rate of carboxylation of RuBP and
PO = 2RP is the rate of oxygenation of RuBP. From this
formula, it can be seen that the ratio of photorespiration
to carboxylation must be a linear function of the inverse
value of CC:

RP/PC = OC/(2S × CC).

Indeed, when values of RP/PC measured in 28 plants
from six species were plotted against 1/CW (CW, the
concentration of ëé2 within mesophyll cell walls), a
linear dependence was obtained (Fig. 2). Point of inter-
section of the regression line with ordinate is very close
to zero suggesting the proportionality between RP/PC
and 1/CW . This means that, in photosynthesizing
leaves, the ratio of photorespiration to carboxylation is

determined by Rubisco properties only. Relatively
small deviations of the experimental values from the
regression line indicate that parameters of the Rubisco
are almost the same.

In Fig. 3, the rates of decarboxylation of stored pho-
tosynthates in the dark and light are compared. In the
dark, stored photosynthates can be used only for respi-
ration, while, in the light, they are consumed also for
photorespiration. A clear difference between starch-
accumulating plants and cereals was found. In cereals,
the total rate of consumption of stored photosynthates
in photorespiratory and respiratory decarboxylations
was in the light higher than in the dark while in starch-
accumulating plants, on the contrary, stored photosyn-
thates were consumed at a higher rate in the dark.

Respiration as a sum of decarboxylations of primary
and stored photosynthates was suppressed by light in
starch-accumulating plants while, in cereals, the inhibi-
tion was less pronounced (H. vulgare) or did not appear
at all (Fig. 4). In all species tested, particularly in
starch-accumulating plants, respiratory decarboxyla-
tion of stored photosynthates was severely inhibited by
the light. Such an inhibition was detected only in exper-
iments carried out under normal atmospheric condi-

Table 1.  CO2 exchange components and relative rate of starch synthesis in leaves of six C3 species under normal environ-
mental conditions (350 µl/l CO2, 210 ml/l O2, PPFD of 750 µmol/(m2 s), and temperature 25°C)

Solanum
tuberosum

Nicotiana
tabacum

Arabidopsis
thaliana

Hordeum
vulgare

Triticum
aestivum

Secale
cereale

True photosynthesis, µmol/(m2 s) 13.4 ± 0.2 6.7 ± 0.1 7.3 ± 0.7 13.3 ± 0.2 11.4 ± 0.1 10.8 ± 0.1

Percent of true photosynthesis
Substrates for photorespiratory decarboxylation

Primary products 12.1 ± 0.7 17.8 ± 1.5 10.2 ± 0.6 16.4 ± 1.4 13.7 ± 1.3 20.0 ± 1.6

End products 2.2 ± 0.3 8.8 ± 1.0 5.7 ± 0.2 11.1 ± 1.1 10.3 ± 1.0 4.3 ± 0.8

Total 14.3± 0.8 26.6 ± 2.0 15.9 ± 0.7 27.5 ± 2.0 24.0 ± 1.8 24.3 ± 1.8

Substrates for respiratory decarboxylation
Primary products 1.1 ± 0.1 1.5 ± 0.2 5.9 ± 1.1 2.9 ± 0.4 2.5 ± 0.3 8.7 ± 1.0

End products 0.5 ± 0.2 5.4 ± 1.1 1.5 ± 0.6 3.2 ± 0.7 3.0 ± 0.6 2.2 ± 0.4

Total 1.6 ± 0.2 6.9 ± 1.2 7.4 ± 1.3 6.1 ± 0.9 5.5 ± 1.2 10.9 ± 1.2

Relative rate of starch synthesis 43.0 ± 0.8 44.0 ± 1.0 35.0 ± 3.0 7.3 ± 0.2 7.0 ± 0.2 5.6 ± 0.2

Table 2.  CO2 exchange components in leaves of wheat species differing in ploidy (at 350 µl/l CO2, 210 ml/l O2, PPFD of
1500 µmol/(m2 s), and temperature 25°C)

Triticum aestivum Triticum
monococcum

Triticum
dicoccoides

Saratovskaya-29
hexaploid

mutant 0495
hexaploid diploid tetraploid

True photosynthesis, µmol CO2/(m2 s) 19.4 ± 0.4 12.7 ± 0.2 15.2 ± 0.3 11.4 ± 0.2

Percent of true photosynthesis

Photorespiratory decarboxylation 25.2 ± 1.8 23.0 ± 1.6 25.6 ± 1.8 25.3 ± 1.8

Respiratory decarboxylation 2.4 ± 0.4 1.8 ± 0.3 3.0 ± 0.5 4.9 ± 0.8
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tions. At high ëé2, under nonphotorespiratory condi-
tions, decarboxylation of stored photosynthates was not
inhibited by light both in arabidopsis (starch-accumu-
lating plant) and in winter rye (cereal) leaves (Table 3).

DISCUSSION

Results presented in Fig. 2 indicate that, at a fixed
oxygen level, the relative rate of photorespiratory
decarboxylation in studied ë3 plants depends only on
ëé2 concentrations. Photorespiration was not corre-
lated with the rate of starch synthesis and ploidy of the
species (Tables 1, 2). From the slope of the regression
line in Fig. 2, the in vivo specificity of Rubisco was cal-
culated using formula (5). The mean value of SW =
68.5 ± 2.6 was obtained. It is significantly lower than
values of specificity reported for ë3 plants from in vitro
measurements [15]. To explain this difference, it should
be taken into account that, in calculations by the for-
mula (5), ëé2 concentration not in reaction centers
(CC) but in the mesophyll cell wall (ëW) was used. In
fact, ëé2 concentration in reaction centers is lower due
to the diffusion of ëé2 from stomatal cavity to chloro-
plast reaction centers:

CC = CW – PN × rmd. (6)

Mesophyll diffusion resistance (rmd) may be calcu-
lated from the results of in vitro and in vivo measure-
ments of the Rubisco specificity combining the formu-
las (5) and (6):

rmd = (1 – SW/S) × CW/PN. (7)

With formula (7), mesophyll diffusion resistance of
wheat leaves was calculated. The in vitro value of spec-
ificity (S) was taken equal to 89.9 ± 1.0 [15]. The mean
value of SW determined in our five in vivo measure-
ments was 68.2 ± 1.4. rmd was calculated separately for

each plant and the mean value rmd = 200 ± 20 s/m was
obtained. The stomatal resistance of these plants was
rs = 260 ± 20 s/m. These results are close to the data
reported by Loreto et al. [16], who estimated rmd by
three different methods and found that, under high
light, the mesophyll conductance exceeded about
1.4 times the stomatal conductance.

Decarboxylation of stored photosynthates in the
light depends on the rate of starch synthesis. The sup-
pression of decarboxylation of stored photosynthates
and respiration by light in starch-accumulating plants,
but not in cereals (Figs. 3 and 4), suggests that con-
sumption of starch in respiratory decarboxylations is
inhibited in the light. This assumption was checked in a

Fig. 2. Photorespiration : carboxylation ratio (RP/PC) as a
function of 1/CW in six C3 species. CW designates CO2 con-
centration in mesophyll cell walls.
�—T. aestivum; �—H. vulgare; �—S. cereale; �—S.
tuberosum; �—N. tabacum; �—A. thaliana.
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Fig. 3. Rates of respiratory and photorespiratory decarbox-
ylation of stored photosynthates in the dark and light in
leaves of six ë3 species.

—darkness; —light, photorespiration of stored pho-
tosynthates; —light, respiration of stored photosyn-
thates.
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Table 3.  Rate of 14CO2 efflux from stored photosynthates of
winter rye and arabidopsis leaves in the light and dark at a
high CO2 concentration (Leaves were preliminarily exposed
for 3 h to 350 µl/l 14CO2 in air containing 210 ml/l O2. 14CO2
efflux was measured 2 h later at PPFD of 750 µmol/(m2 s)
and 2.3 ml/l 12CO2 for winter rye leaves and at PPFD of
150 µmol/(m2 s) and 30 ml/l 12CO2 for arabidopsis leaves)

14CO2 efflux, (cps)/s

light dark

Winter rye Exp. 1 1.14 1.10

Exp. 2 1.28 1.30

Mean 1.21 ± 0.07 1.20 ± 0.10

Arabidopsis Exp. 1 1.73 2.05

Exp. 2 1.09 1.21

Exp. 3 2.26 1.62

Mean 1.69 ± 0.33 1.63 ± 0.24
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special experiment with arabidopsis (starch-accumulat-
ing plant) and winter rye (cereal). After 75-min expo-
sure to 14ëé2, growing plants were transferred for 3 h
into nonradioactive air either in the light or in the dark,
and the changes in the radioactivity of soluble com-
pounds and starch were determined. It was found that
the only substrates for respiratory decarboxylations in
the light were soluble compounds, whereas degradation
of starch was blocked by light [17]. In starch-accumu-
lating plants, soluble photosynthates in the light were
not able to compensate for the rate of respiration in the
dark when substrates for decarboxylation were mostly
derived from starch degradation. However, in cereals,
the contribution of starch to respiration in the dark is
significantly lower, and the decarboxylation of stored
photosynthates was not suppressed but even acceler-
ated by light under normal experimental conditions
(Fig. 3). Under nonphotorespiratory conditions (high
ëé2), 14ëé2 evolution from stored photosynthates was
not affected by light, both in cereals and in starch-accu-
mulating plants (Table 3). These results indicate that, at
least at high ëé2, glycolysis was not suppressed by the
light.

It has been reported that the rate of respiration in the
light is generally lower than in the dark [2, 4]. In our
experiments, respiration as a sum of decarboxylation of
primary and stored photosynthates was not affected by
light in cereals, but was inhibited in starch-accumulat-
ing plants (Fig. 4). In cereals, the rate of decarboxyla-
tion of stored photosynthates was less than two-fold
lower in the light than in the dark, and this suppression
was compensated by decarboxylation of primary pho-
tosynthates. In starch-accumulating plants, the inhibi-
tion was more severe (in potato about 20-fold), and pri-
mary photosynthates did not compensate for the inhibi-

tion. This phenomena may be explained by the limited
supply of mitochondria with substrate (stored photo-
synthates) in the light when degradation of starch is
blocked [17].

On the basis of results presented above, we conclude
that respiratory activities of ë3 species depend on their
ability to accumulate starch during photosynthesis. In
species with slow starch synthesis, decarboxylation of
stored photosynthates in photorespiratory and respira-
tory reactions in the light is faster than in the dark. In
starch-synthesizing species, stored photosynthates are
consumed at a higher rate in the dark. The total rate of
respiratory decarboxylation of primary and stored pho-
tosynthates was suppressed by light in starch-synthe-
sizing species, while, in nonstarch-accumulating spe-
cies, respiration was not affected by light. The differ-
ences between these two types of species may be
explained by starch degradation blocked in the light
resulting in the different proportion of substrate decar-
boxylation and, consequently, in various rates of respi-
ration in the light and in the dark.
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Abstract The MSC16 cucumber (Cucumis sativus L.)

mitochondrial mutant was used to study the effect of

mitochondrial dysfunction and disturbed subcellular redox

state on leaf day/night carbon and nitrogen metabolism.

We have shown that the mitochondrial dysfunction in

MSC16 plants had no effect on photosynthetic CO2

assimilation, but the concentration of soluble carbohydrates

and starch was higher in leaves of MSC16 plants. Impaired

mitochondrial respiratory chain activity was associated

with the perturbation of mitochondrial TCA cycle mani-

fested, e.g., by lowered decarboxylation rate. Mitochon-

drial dysfunction in MSC16 plants had different influence

on leaf cell metabolism under dark or light conditions. In

the dark, when the main mitochondrial function is the

energy production, the altered activity of TCA cycle in

mutated plants was connected with the accumulation of

pyruvate and TCA cycle intermediates (citrate and 2-OG).

In the light, when TCA activity is needed for synthesis of

carbon skeletons required as the acceptors for NH4
?

assimilation, the concentration of pyruvate and TCA

intermediates was tightly coupled with nitrate metabolism.

Enhanced incorporation of ammonium group into amino

acids structures in mutated plants has resulted in decreased

concentration of organic acids and accumulation of Glu.

Keywords C/N metabolism � Cucumis � Mitochondrial

mutant � TCA cycle
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R Total decarboxylation in the light
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RD Respiration in the dark

RP Photorespiratory decarboxylation in the light

RPA Photorespiratory decarboxylation of primary

photosynthates

RPS Photorespiratory decarboxylation of stored

photosynthates

RR Respiratory decarboxylation in the light

RRA Respiratory decarboxylation of primary

photosynthates

RRS Respiratory decarboxylation of stored

photosynthates

RS Total decarboxylation of stored

photosynthates

RP-HPLC Reverse phase-high pressure liquid

chromatography

Suc Sucrose

TCA Tricarboxylic acid

WT Wild type

Introduction

During the dark period, leaf mitochondrial functions are

restrictedmainly to producing the energy needed for growth,

maintenance, and transport, and providing intermediates

used for cellular biosynthesis. Storage sugars are degraded

and the end-products of glycolysis, pyruvate and oxaloace-

tate/malate, are imported into mitochondria, where they are

oxidized in the TCA cycle. The reducing equivalents

(NADH and FADH2) produced during mitochondrial sub-

strate-oxidation are oxidized further by the mtETC to gen-

erate the proton gradient across the inner membrane, which

is subsequently used for ATP production.

In illuminated C3 leaves the metabolic situation is dif-

ferent, with Gly produced in the photorespiratory pathway

as the main substrate for the mtETC (Gardeström et al.

2002; Raghavendra and Padmasree 2003). A decrease in

respiratory decarboxylations is generally observed in light

versus darkness (Hurry et al. 2005), implying decreased

TCA cycle activity. Operation of the TCA cycle in the light

can be restricted due to inactivation of the mitochondrial

pyruvate dehydrogenase complex (PDC) (Tovar-Méndez

et al. 2003) and limitations in isocitrate dehydrogenase

activities (Bykova et al. 2005). As a consequence, it is

likely that a partial TCA cycle operates in the light (Hurry

et al. 2005). In agreement with this, illuminated French

bean leaves showed 27% inactivation of PDC whereas flux

through the TCA cycle was reduced by 95% (Tcherkez

et al. 2005). In the light TCA activity is needed for syn-

thesis of intermediates. In particular, 2-oxoglutarate (2-OG)

is required as an acceptor for NH4
? in the GS-GOGAT

pathway localized in the chloroplasts. It is possible for

2-OG to be withdrawn directly from the TCA cycle and

exported to the cytosol via the di/tricarboxylate transporter

(Picault et al. 2004; Noguchi and Yosida 2008). Alterna-

tively, citrate can be exported and converted to 2-OG in the

cytosol by aconitase and NADP-isocitrate dehydrogenase

(Lancien et al. 2000; Hurry et al. 2005). The proposal of an

operation of a partial TCA cycle in the light is supported by

the results from labeling experiments using 13C-pyruvate.

The main labeled metabolites were Glu (corresponding to

2-OG) and citrate, whereas label in succinate and fumarate

was very low (Tcherkez et al. 2005).

Mitochondrial metabolism is also essential for opti-

mizing photosynthetic carbon fixation (Krömer 1995;

Raghavendra and Padmasree 2003; Igamberdiev et al.

2006; Plaxton and Podestá 2006; Nunes-Nesi et al. 2008).

Mitochondria facilitate the export of excess reductants

from chloroplasts, prevent over-reduction of the photo-

synthetic ETC, and supply ATP for cytosolic sucrose

synthesis. These unique functions of plant mitochondria are

possible due to the presence of alternatives to the Complex

I or cytochrome pathway, respiratory chain components,

different bypasses of TCA cycle, and plant specific

metabolite exchangers between mitochondria and the

cytosol (Møller 2001; Picault et al. 2004; Plaxton and

Podestá 2006; Rasmusson et al. 2008).

The MSC16 line of cucumber (Cucumis sativus L.),

possessing rearrangements in the chondriome (Malepszy

et al. 1996; Bartoszewski et al. 2004), manifests a mosaic

phenotype and slower growth rate. Mitochondria of

MSC16 plants have decreased capacity and activity of

Complex I and internal rotenone-insensitive NADH dehy-

drogenase, but increased protein level of AOX (Juszczuk

et al. 2007; Juszczuk and Rychter 2009). Lower Complex I

activity in MSC16 plants is partially compensated by

increased external NADH dehydrogenase activity (Jus-

zczuk et al. 2007). The content of both adenylates and

NADP(H) is decreased in mutant plants, and changes in

energy and redox status affected mainly the chloroplasti-

dial pools (Szal et al. 2008). Additionally, dysfunction of

the mitochondrial respiratory chain in MSC16 was asso-

ciated with great changes in the subcellular NADH/NAD

ratios. The cytosolic pool was much more reduced,

whereas the mitochondrial pool was more oxidized in

comparison with WT (Szal et al. 2008).

Understanding of C/N interactions has for decades been a

major challenge in plant physiology and is especially

important in an agronomic context. In the well-characterized

CMSII tobacco plants, the lack of mitochondrial Complex I

(Sabar et al. 2000) leads tomodification of the foliar carbon–

nitrogen balance (Dutilleul et al. 2005). At the same time, in

the CMSII mutant the content of adenylates is much higher

than inWT indicating that the plants are not energy deficient

(Szal et al. 2008). Herein we evaluate how the changes of

cucumber leaf energy and redox status due to lower activity

1372 Planta (2010) 232:1371–1382
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of Complex I in the MSC16 line influence leaf day/night

carbon and nitrogen metabolism. We determined the con-

centration of sugars and TCA intermediates, and the activ-

ities/protein levels of TCA cycle enzymes, along with the

concentrations of metabolites and activities of enzyme

involved in primary N metabolism. We also measured the

rates of photosynthesis and respiration using the plants

grown at medium light intensity (similar to that used for

measuring metabolite concentration) as our previous esti-

mations of gas exchange were done using plants grown in

high light intensity (Juszczuk et al. 2007).

Materials and methods

Plant material and growth conditions

MSC16 mutant seeds were supplied by the Department of

Plant Genetics, Breeding and Biotechnology, Warsaw Uni-

versity of Life Sciences. Cucumber seeds (Cucumis sativus

L. cv. Borszczagowski) of wild type (WT) orMSC16mutant

were germinated on moist filter paper and 3-day-old seed-

lings were transferred to boxes with complete Knop medium

(Rychter and Mikulska 1990). The nutrient solution was

supplemented daily, and changed completely every 4 days.

Plants were grown with a 16-h photoperiod at 200 lmol

m-2 s-1 PAR (daylight and warm white 1:1, LF-40W, Piła,

Poland), day/night temperature of 24/20�C, and 60/70%

relative humidity. Plants for the measurements of parti-

tioning of fixed carbon into soluble sugars and starch and

rates of decarboxylation components (results in Tables 1, 2)

were grown in soil. According to lowered growth rate of

mutated line, mutants were grown longer; plants used in the

experiments were at the same growth stage. The first or

second leaf fromWT or MSC16 plants with fully developed

four leaves were collected for analysis after 6 h of illumi-

nation or 8 h into the night period.

Isolation of mitochondria

Organelles were isolated from 30 to 40 g of leaves, and

purified using discontinuous Percoll gradients as described

in Juszczuk et al. (2007). The mitochondrial fraction was

collected from the 28/45% (v/v) Percoll interface, then

washed in a medium containing 0.45 M mannitol, 10 mM

phosphate buffer, pH 7.2, 1 mM EDTA, and 0.5% (w/v)

BSA.

Measurement of metabolite concentrations

For sugar extraction, approx. 1 g FW of tissue was rinsed,

blotted, weighed, and ground in a precooled mortar with

3 ml of 80% (v/v) ethanol. Soluble sugars were extracted by

heating the samples (37�C) for 2 h. Homogenates were

clarified by centrifugation at 10,000g for 10 min. The

extractions were repeated twice and the combined extracts

used for soluble sugar estimates, whereas pellet was ana-

lyzed for starch. Ethanol was evaporated and glucose and

fructose were quantified enzymatically as described in

Kunst et al. (1985a) and Beutler (1985), respectively. Con-

centrations of Suc were determined after degradation to Glc

plus Fru. Pellets were resuspended in 3 ml water and boiled

for 3 h for starch content analyses. Amyloglucosidase was

used to digest starch samples overnight. Released glucose

was determined spectrophotometrically in glucose oxidase–

peroxidase reaction (Kunst et al. 1985b). Pyruvate concen-

trations were assayed by method of Lamprecht and Hainz

(1985). The concentrations of citrate and 2-oxoglutarate

were measured enzymatically as described in Möllering

(1985) and Brulina (1985), respectively. The concentration

of nitrate was measured according to the method of Cataldo

et al. (1975). Free NH4
? concentration was assayed by

Berthelot reaction (phenol hypochloride colorimetric

method) as described in Husted et al. (2000). For amino acid

extractions approx 1 g of FW of tissue was homogenized

with 2 ml of PCA. The homogenate was centrifuged at

10,000g for 10 min and then neutralized by adding K2CO3.

After centrifugation at 10,000g for 10 min the supernatant

was used for analysis. Total amino acid concentration was

assayed by the colorimetric method of Rosen (1957). Indi-

vidual amino acids were recognized as DABS derivatives by

RP-HPLC (Chang et al. 1983). Protein content was mea-

sured according to the method of Bradford (1976), using

bovine serum albumin (BSA) as the standard.

Table 1 Components of decarboxylation in leaves of WT and

MSC16 cucumber (lmol CO2 m
-2 s-1)

WT MSC16

Respiration in the dark (RD)

1.05 ± 0.01 0.88* ± 0.07

Decarboxylation in the light

Total (R) 2.16 ± 0.15 1.84 ± 0.19

Photorespiratory (RP) 1.91 ± 0.14 1.61 ± 0.18

Respiratory (RR) 0.25 ± 0.01 0.23 ± 0.02

Decarboxylation of primary photosynthates

Total (RA) 1.86 ± 0.12 1.64 ± 0.17

Photorespiratory (RPA) 1.68 ± 0.12 1.47 ± 0.16

Respiratory (RRA) 0.18 ± 0.01 0.17 ± 0.01

Decarboxylation of stored photosynthates

Total (RS) 0.30 ± 0.02 0.20* ± 0.02

Photorespiratory (RPS) 0.23 ± 0.02 0.14* ± 0.02

Respiratory (RRS) 0.07 ± 0.01 0.05 ± 0.01

Values are means from three replicates ± SD

* Significant differences (a B 0.05)
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Determinations of enzymes activities

Enzymes were extracted from frozen material (leaf tissue or

mitochondrial fraction) stored at -80�C. Nitrate reductase

(NR) maximal activity was measured as described in Reda

and Kłobus (2006). Glutamine synthetase (GS) activity was

measured according to Wallsgrove et al. (1979). Activities

of the TCA cycle enzymes and PDC were measured using

isolated mitochondria. Citrate synthase (CS) and aconitase

activities were assayed in mitochondrial fractions according

to Jenner et al. (2001), PDC activity was measured using the

method of Budde et al. (1988), and the activity of fumarase

was determined as described in Stitt (1984).

Western-blot analysis

Protein gel blot analyses were performed using isolated

mitochondria or tissue extracts. The samples, 20 lg protein

per lane, were separated by SDS–PAGE (10% polyacryl-

amide) according to a standard protocol. The polypeptides

were electroblotted to a nitrocellulose membrane and

probed with primary antibodies [Anti-GS (gift of

Dr. C. Masclaux-Daubresse, INRA Versailles), anti-IDH

(Agrisera, Vännäs, Sweden), anti-a subunit of PDC (gift of

Dr. J. Miernyk; Luethy et al. 1995)] overnight at 4�C. Anti-
rabbit antibodies conjugated to horseradish peroxidase

(Bio-Rad, Hercules, CA, USA) were used as secondary

antibodies. Visualization was performed with a chemilu-

minescent reagent system. Protein amounts were deter-

mined by densitometry of the membranes using Quantity

One 4.6.2 software (Bio-Rad).

Partitioning of fixed carbon into soluble sugars,

and starch synthesis

The rates of carbon incorporation into starch and soluble

compounds were determined from their labeling curves

obtained by exposing leaves for different time periods to
14CO2 in the light under steady-state photosynthesis as

described in Pärnik et al. (1987). After the exposure

leaves were killed in boiling 80% (v/v) ethanol, extracted

twice in boiling 80% ethanol, and once in boiling acidi-

fied 96% ethanol. The extracts were combined and con-

centrated. The radioactivity of soluble compounds was

determined using a LS 100C liquid scintillation spec-

trometer (Beckman Coulter, Brea, CA, USA). From the

values of radioactivity and of the specific radioactivity of
14CO2 fed to leaves, the amounts of carbon incorporated

into different compounds were calculated. To determine

the radioactivity incorporated into starch, the material

remaining after the extraction of soluble compounds was

incubated in a solution of a-amylase (Boehringer Ingel-

heim, Ingelheim, Germany; 200 mg l-1 (w/v) in sodium

citrate buffer, pH 6.8) for 48 h at 35�C, and the radio-

activity released by hydrolysis was quantified. Bacterial

decomposition was prevented by adding a drop of toluene

in the incubations. Radioactivity of the final pellet

remaining after the hydrolysis of starch (denominated as

insolubles) was quantified using non-aqueous scintillation

cocktails.

Measurements of components of decarboxylation

The components of decarboxylation in the light were

determined using a radiogasometric method as described in

Pärnik and Keerberg (2007).

Statistical analysis

All results presented are mean values ± standard devia-

tions, from n (n = 3–12) measurements taken from two–

seven independent plant cultures. The significance of the

results compared with the control was tested using the

Student’s t test (a B 0.05).

Table 2 Amount of carbon

fixed and rate of carbon fixation

in leaves of WT and MSC16

cucumber after their 5- and

15-min exposure to 14CO2

Values are means from 3

replicates ± SD

Amount of carbon fixed (nmol C cm-2)

Exposure to 14CO2

Rates of carbon fixation

(lmol C m-2 s-1)

5 min 15 min

WT

Solubles 61.47 ± 5.03 201.13 ± 10.37 2.32 ± 0.19

Starch 90.38 ± 3.69 264.66 ± 23.37 2.90 ± 0.39

Insolubles 8.57 ± 1.10 19.14 ± 1.01 0.18 ± 0.02

Total 160.42 ± 5.97 484.93 ± 29.37 5.37 ± 0.15

MSC16

Solubles 83.54 ± 0.38 250.23 ± 14.90 2.78 ± 0.25

Starch 100.28 ± 1.89 302.57 ± 13.64 3.37 ± 0.23

Insolubles 8.72 ± 2.47 16.14 ± 1.47 0.12 ± 0.05

Total 192.55 ± 0.96 568.94 ± 18.44 6.37 ± 0.09
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Results

In MSC16 plants leaf dark respiration rate (RD) measured

as CO2 evolution was about 20% lower as compared with

WT plants (Table 1) but in the light the total decarboxyl-

ation (R) was similar in MSC16 and WT plants (Table 1).

Under light conditions the main process of CO2 evolution

in both genotypes was photorespiration (RP), about 90% of

total decarboxylation in both WT and MSC16 plants. The

prevailing substrates for decarboxylation were primary

photosynthates (86–89%, RA/R ratio). In WT plants about

80% of stored photosynthates were consumed in photore-

spiratory decarboxylations (RPS/RS ratio). In MSC16 plants

RPS value was lower, about 70% of RS. By comparison of

RRS and RD values it is possible to calculate light inhibition

of respiration in both genotypes (Pärnik and Keerberg

2007). In both WT and MS16 plants, light suppressed the

respiratory decarboxylation of stored photosynthates (the

only component operative in the dark) in about 93%. The

total rate of respiration in the light (RR including respira-

tory decarboxylation of primary photosynthates) was about

75% lower than in the dark (Table 1).

We have compared the soluble sugar concentration in

the leaves of WT and MSC16 plants after night period and

during day. At the end of the 8-h dark period the concen-

trations of Glc, Fru, and Suc were higher in MSC16 leaves

by 100, 85, and 250%, respectively, as compared with WT

plants (Fig. 1a–c). After 6 h of illumination the concen-

tration of soluble sugars increased significantly both in WT

and in MSC16 plants (Fig. 1a–c). Under light conditions

sugar levels were 50–60% higher in the leaves of MSC16

plants than WT plants (Fig. 1a–c).

To test the possibility that the differences in sugar

concentration between WT and MSC16 leaves were due to

the differences in photosynthetic carbon assimilation, we

measured the rates of CO2 fixation in WT and MSC16

leaves. Dysfunction of mitochondria in MSC16 did not

affect the CO2 assimilation (Table 2). After 5 min of

exposure to 14CO2, the amount of radioactive C incorpo-

rated into different fractions (soluble, starch, insolubles)

was slightly higher in MSC16 plants. After additional

10 min feeding the differences between genotypes were

more pronounced, with exception of the insolubles. The

rates of carbon incorporation into soluble compounds and

starch were 15–20% higher in MSC16 plants than in WT

plants. Cucumis sativus is a starch-accumulating plant

(Ono et al. 1999), and 53% of photosynthetically fixed

carbon was incorporated into starch in both genotypes of

cucumber (Table 2). The content of starch was higher in

MSC16 plants after the dark period by about 80%, but

under light period only by about 45% as compared with

WT plants (Fig. 1d). It is well documented that starch

concentration increases in leaf tissue during day. We have

also observed in cucumber leaves diurnal changes in starch

concentration; after 9 h of light period the concentration of

starch doubled in WT leaves and was higher in MSC16

leaves by about 40% as compared with the leaf tissues

collected after the dark period (results not shown).
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Suppression of dark respiration by light can result in

changes in concentration of TCA cycle intermediates.

During night pyruvate is probably the main substrate

entering the TCA cycle. Under darkness, pyruvate levels in

the leaves of MSC16 plants were similar to those in WT

leaves (Fig. 2a). Illumination resulted in a great increase

(almost 3-times) in pyruvate concentration in WT leaves

(Fig. 2a) probably indicating its lower utilization in TCA

cycle but in MSC16 leaves pyruvate concentrations were

not affected by the light conditions (Fig. 2a). Moreover, the

activity and protein level of pyruvate dehydrogenase

complex (PDC) in mitochondria of MSC16 plants were

higher compared with WT mitochondria (about 100 and

40%, respectively; Fig. 3a).

In WT plants under darkness, when the TCA cycle is

fully operative, the concentration of 2-OG was almost

30-times lower than citrate (Fig. 2b, c). In the light the

concentration of citrate in WT leaves remained at the same

level (Fig. 2b), but 2-OG concentration increased about

fivefold compared with that in darkness (Fig. 2c). In

MSC16 plants under darkness the leaf concentrations of

2-OG and citrate were higher than in WT leaves (100 and

40%, respectively; Fig. 2b, c). Effect of the light on TCA-

concentration of cycle intermediates is different in MSC16

as compared with WT plants. In the light in MSC16 leaves
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the 2-OG level increased only by about 40% compared

with that in the dark (Fig. 2c), but citrate level decreased

by about 50% (Fig. 2b) compared with dark conditions.

Activities of TCA cycle enzymes were estimated in

mitochondria isolated from WT and MSC16 leaves. Diur-

nal changes in the activities of TCA cycle enzymes and

PDC were not found (results not shown), but it should be

noted that these activities were measured in vitro under

optimal conditions and might not reflect of the effective

activity in vivo. During the night period in MSC16 mito-

chondria, the activities of citrate synthase (CS) and acon-

itase were 50 and 45%, respectively, higher than those of

WT mitochondria (Fig. 3b, c). The protein level of mito-

chondrial IDH was about 50% higher in mitochondria from

MSC16plants as comparedwithWTmitochondria (Fig. 3e).

Exceptionally, the activity of fumarase was similar in

MSC16 and WT plants (Fig. 3d).

The difference in concentrations of TCA-cycle inter-

mediates between WT and MSC16 leaves could result from

restricted availability of substrates for mitochondrial res-

piration (which was not the case in MSC16 plants) or

altered utilization. In the light the concentrations of TCA

intermediates are tightly connected with nitrate assimila-

tion (Hanning and Heldt 1993). The concentration of

nitrate in light was lower in MSC16 leaves by about 25%

(Fig. 4a), and a significant decrease (about 45%) in NR

activity was observed (Fig. 4b). Ammonium concentra-

tions were about 50% higher in MSC16 leaf compared with

WT (Fig. 4c), but GS activities and protein levels were

unchanged (Fig. 4d, e).

The total concentration of free amino acids was similar

in WT and MSC16 leaves (Fig. 5, inset), but HPLC anal-

ysis revealed differences in the levels of individual amino

acids (Fig. 5). In MSC16 leaves, increases in Glu, Arg, and

Ala (35, 250, and 95%, respectively) and a decrease in Asp

(by 45%) were found (Fig. 5).

Discussion

The aim of this work is to characterize the processes in

cucumber leaves that lead to a modified C/N homeostasis

in response to mitochondrial genome rearrangements.

Contrary to well-characterized Complex I mutants of

tobacco (Pla et al. 1995; Sabar et al. 2000), maize

(Marienfeldt and Newton 1994; Karpova et al. 2002), and

Arabidopsis (Lee et al. 2002; Perales et al. 2005; Nakag-

awa and Sakurai 2006; Falcon de Longevialle et al. 2007;

Meyer et al. 2009) the precise nature of MSC16 mutation

remains unknown (Bartoszewski et al. 2004). However, we

have found that rearrangement of mitochondrial genome in

the MSC16 plants is associated with differences in TCA

cycle operation and N assimilation.

Mitochondrial genome rearrangement in MSC16 plants

and mutation in CMS II tobacco plants have a negative

effect on plant growth (Malepszy et al. 1996; Noctor et al.

2004) possibly through perturbation of chloroplast/mito-

chondrial interactions. However, the mechanisms that

underlie modified C/N homeostasis likely differ between

the two mutants. The effects of Complex I dysfunction on

C and N metabolism were previously studied in the tobacco

CMSII mitochondrial mutant (Dutilleul et al. 2005). In

CMSII plants the lack of Complex I is compensated for by

increased engagement of external NADH dehydrogenase

(Sabar et al. 2000) and enhanced COX activity (Priault
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et al. 2007). In MSC16 plants, decrease in activity of

Complex I (by 20%) is not associated with altered activity

of the cytochrome pathway (Juszczuk et al. 2007). The

mitochondrial compensating mechanisms shown in the

tobacco (Sabar et al. 2000; Priault et al. 2007) result (in

contrast to MSC16 cucumber) in much higher concentra-

tions of adenylates and pyridine nucleotides in CMSII

plants than in tobacco WT (Dutilleul et al. 2005; Szal et al.

2008), and no energy deficit occurs in those plants as was

observed in MSC16 (Juszczuk et al. 2007; Szal et al. 2008).

In Arabidopsis ndufs4 plants lack of Complex I is associ-

ated with lower mitochondrial ATP synthesis and in con-

sequence with decreased ATP level during the night

(Meyer et al. 2009). However, during day the increase in

ATP pool was observed and was due to the higher rate of

substrate-level phosphorylation (Meyer et al. 2009). On the

contrary, in MSC16 plants energy deficit was even more

pronounced during day than during darkness (Juszczuk

et al. 2007).

In our previous work (Juszczuk et al. 2007) we observed

decreased ATP levels in MSC16 leaves, but dark respira-

tion rates were unchanged compared with WT leaves. The

plants that were used in our previous experiments for

determining leaf respiration and photosynthetic activity

were grown under high light conditions: PAR about

400 lmol s-1 m-2 (growth conditions, Juszczuk et al.

2007). Recently we reported that MSC16 plants have an

altered response to stress conditions (Szal et al. 2009),

leading us to repeat estimations of RD and light respiration

using the plants grown at medium light intensity (PAR

about 200 lmol s-1 m-2) similar to that used for mea-

suring metabolite concentration and enzyme activities. The

perturbations in functioning of the TCA cycle in the dark in

MSC16 plants were manifested by a lower decarboxylation

rate (RD) (Table 1) and by increased concentration of

intermediates of the TCA cycle (Fig. 2b, c). Florez-Sarasa

et al. (2009) did not find a difference in the dark respiration

rate between WT and MSC16 measured as O2 uptake.

Oxygen uptake measurements indicate mtETC capacity

(Florez-Sarasa et al. 2009) whereas the rate of CO2 release

reflects PDC and TCA-cycle decarboxylating activities.

The rise in organic acid concentrations in the dark in

MSC16 plants is not due to restricted availability of

respiratory substrates as the concentrations of soluble

sugars was higher in MSC16 plants than in WT plants

(Fig. 1a–c). Also, the increased activity and/or protein

level of the PDC (Fig. 3a), CS (Fig. 3b), aconitase

(Fig. 3c), and IDH (Fig. 3e) in MSC16 mitochondria sug-

gests that the limiting step in TCA cycle activity is between

2-OG and malate. The role of individual enzymes of TCA

cycle on whole cell metabolism has been studied in detail

(Nunes-Nesi et al. 2008 and references therein). It was

suggested that 2-OG dehydrogenase complex (OGDC) may

have a role in the regulation of TCA cycle activity (Araújo

et al. 2008). The activity of OGDC is sensitive to the redox

state of mitochondria (Balmer et al. 2004), and it has been

shown that inhibition of this enzyme complex results in a

reduction of respiration rate coupled to the changes in the

TCA cycle intermediates and amino acids levels (Araújo

et al. 2008). Previously it has been suggested that the

decrease in 2-OG is the common response to Complex I

deficiency, and could play a key role in the signaling of

mtETC dysfunction (Garmier et al. 2008). Decreased levels

of 2-OG were found in response to rotenone treatment of

Arabidopsis cell cultures (Garmier et al. 2008) and in

tobacco plants lacking mitochondrial Complex I (Dutilleul

et al. 2005). In MSC16 plants the small decrease in

Complex I activity is associated with different effect on

2-OG concentration in the dark and in the light (Fig. 2c).

We observed the increased 2-OG concentration in darkened

leaves of MSC16 plants, but under light conditions 2-OG

levels decreased compared with WT (Fig. 2c). In the light,

TCA-cycle intermediates are exported from the mito-

chondria and used for anabolic reactions (Hanning and

Heldt 1993). Recently, it has been reported that under light

conditions the enzymes of TCA cycle operate in non-cyclic

reactions and CS is a rate-limiting step in citrate synthesis

(Tcherkez et al. 2009). In Xanthium strumarium leaves

stored substrate remobilization providing 2-OG that was

coupled to Glu synthesis (Tcherkez et al. 2009). Moreover,
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it has been proven that day/night cycle was essential for N

assimilation (Gauthier et al. 2010). However, it should be

pointed that in our experiment the activity of CS measured

in in vitro conditions was higher as compared with aconi-

tase activity (Fig. 3). The combination of ammonium with

2-OG in the reaction catalyzed by GOGAT would result

in increased Glu levels (Fig. 5) and simultaneously in

decreased levels of the organic acids 2-OG and citrate in

MSC16 plants (Fig. 2b, c).

In the dark the decarboxylation of pyruvate (by PDC)

and the TCA cycle are mainly responsible for CO2 pro-

duction. The higher NH4
? in MSC16 could theoretically

activate PDC kinase and thereby inactivate PDC (Tovar-

Méndez et al. 2003). However, low ATP and mitochondrial

NADH (Szal et al. 2008) will counteract the inhibiting

effect of NH4
?, and we have not seen dark inhibition of the

PDC in MSC16 plants, nor observed increased pyruvate

levels (Fig. 2a). Therefore, we conclude that decreased

decarboxylation rate in the dark (RD, Table 1) was rather

the effect of perturbation in TCA cycle activity. In the light

the inactivation of PDC leads to increased pyruvate levels

in WT leaves, but not in MSC16 leaves (Fig. 2a). The basis

for these contrasting observations remains unclear. First,

pyruvate might be intensively used in NH4
? detoxification

in MSC16 plants. The combination of ammonium with

pyruvate catalyzed by cytosolic AAT might lead to the

observed decreased level of this metabolite (Fig. 2a) and

simultaneously to the increased level of Ala (Fig. 5). In

css1 Arabidopsis mutant the accumulation of Ala was also

found (Nakagawa and Sakurai 2006). Second, the flow of

acetyl-CoA into the TCA cycle might be enhanced.

Alternatively it has been documented that fatty acid syn-

thesis is a key sink for acetyl-CoA (Tcherkez et al. 2005).

In the MSC16 plants, enhanced utilization of acetyl-CoA

for fatty acid synthesis might be manifest as the increased

level of oleic acid found in this tissue (S. Malepszy, per-

sonal communication).

The altered activities of the TCA cycle enzymes can

have different effects on photosynthesis. A decreased

photosynthetic rate was found in plants with decreased

fumarase activity (Nunes-Nesi et al. 2007). In contrast, an

increase in photosynthesis was observed in mutants with

decreased expression of aconitase (Carrari et al. 2003) or

MDH (Nunes-Nesi et al. 2005). However, reduced activ-

ities of succinyl-CoA ligase (Studart-Guimarães et al.

2007), mitochondrial IDH (Lemaitre et al. 2007), or CS

(Sienkiewicz-Porzucek et al. 2008) had no effect on

photosynthesis. Lack of Complex I activity in tobacco

CMS II mutant resulted in lower photosynthesis rate

(Dutilleul et al. 2003; Priault et al. 2007) and in decreased

Glu, Fru, and starch concentrations (Dutilleul et al. 2005).

Cucumber MSC16 is heteroplasmic line and has a phe-

notype similar to maize NSC2 mutant: pale green stripes

or yellowish spots were observed, respectively, in maize

and cucumber mutants (Marienfeldt and Newton 1994;

Malepszy et al. 1996). The pale green areas in NSC2

maize contain chloroplasts with lower amount of thyla-

koid membranes (Roussell et al. 1991). Moreover, in

defective sectors lower CO2 fixation and decreased level

of starch were also found (Roussell et al. 1991). On the

contrary, the altered mitochondrial activity in MSC16

plants did not affect chloroplast structure (Malepszy et al.

1996) and photosynthetic C assimilation rate (Table 2);

however, the chloroplastidial ATP pool was decreased

(Szal et al. 2008). In MSC16 plants the decreased RD and

RPS values might have caused the increased levels of

soluble sugars and starch (Fig. 1). In cucumber plants the

transported sugar is stachyose (Miao et al. 2007), but

increased level of sugars in leaves was not due to

restricted transport to roots (results not shown).

The increase in ammonium concentration in MSC16

leaves (Fig. 4c) was not due to the photorespiratory activity

which was lower in mutated line (Table 1). Rearrange-

ments of mitochondrial genome in MSC16 plants (Juszczuk

et al. 2007; Juszczuk and Rychter 2009) is associated with

perturbation in cellular redox state; the increased cytosolic

NADH concentration in MSC16 cells was observed (Szal

et al. 2008). We suggest that altered nitrogen assimilation

rate is the consequence of this situation. The reduction of

NO3
- to NO2

- in the cytosol is limited mainly by the

availability of reductants (Kaiser et al. 2000). Therefore,

the increased cytosolic NADH/NAD ratio (Szal et al. 2008)

could promote NO3
- reduction in MSC16 leaves. The

NADH availability was also a critical factor influencing the

increased nitrate assimilation rate in CMS II tobacco cells

(Dutilleul et al. 2005). Decreased NR activity in MSC16

tissues (Fig. 4b) could prevent harmful nitrite accumula-

tion. Nitrate uptake by roots and transport from roots to

shoots was not limited in MSC16 plants, as the concen-

tration of NO3
- in xylem soap was similar in both lines,

and root NO3
- content is similar in MSC16 and WT plants

(results not shown). Contrary to CMSII and css1 mutants

lacking Complex I where the increase of total free amino

acids pools were found (Dutilleul et al. 2005; Nakagawa

and Sakurai 2006) the leaf amino acids pool in MSC16

plants was unchanged (Fig. 5, inset) Also, we did not

observe increased concentrations of the N-rich amino acids

Gln or Asn in MSC16 leaves (Fig. 5), which indicates that

the C-skeleton availability for amino acid synthesis was not

limiting. The only amino acid with high N:C ratio which

accumulates in MSC16 cucumber leaves is Arg (Fig. 5),

and increased Arg content has previously been reported as

a common response to mitochondrial Complex I impair-

ment (Dutilleul et al. 2005; Garmier et al. 2008). Levels of

Arg were increased in cucumber tissues in response to the

increasing NH4
? supply indicating the important role of

Planta (2010) 232:1371–1382 1379
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this amino acid in the ammonium detoxification (Roosta

and Schjoerring 2007).

In summary, the lowered Complex I and internal rote-

none-insensitive NADH dehydrogenase activities (Juszczuk

et al. 2007; Juszczuk and Rychter 2009) resulting in

decreased capacity for NADH oxidation in mitochondrial

matrix are associated with perturbation of TCA cycle

operation. The genes encoding the TCA cycle enzymes are

nuclear encoded; therefore, the changes in TCA activity

must be secondary effects and reflect retrograde mito-

chondrion–nucleus communication. Inhibition of TCA

cycle activity has a different influence on leaf cell metab-

olism under dark and light conditions. In the dark the

decreased respiration rate (Table 1) results in lowered ATP

production in MSC16 plants (Juszczuk et al. 2007). In the

light the main basis for changes in C/N metabolism

between WT and MSC16 plants is the increased cytosolic

NADH concentration in MSC16 plants resulting in

enhanced nitrate assimilation coupled with increased uti-

lization of 2-OG and citrate.
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Buchanan B (2004) Thioredoxin links redox to the regulation of

fundamental processes of plant mitochondria. Proc Natl Acad

Sci USA 101:2642–2647

Bartoszewski G, Malepszy S, Havey MJ (2004) Mosaic (MSC)

cucumber regenerated from independent cell cultures possess

different mitochondrial rearrangements. Curr Genet 45:45–53

Beutler HO (1985) D-fructose. In: Bergmayer HU, Bergmayer J, Graßl

M (eds) Methods in enzymatic analysis. Metabolites 1: carbo-

hydrates, vol VI, 3rd edn. Verlag Chemie, Weinheim,

pp 321–327

Bradford MM (1976) A rapid and sensitive method for quantification

of microgram quantities of protein utilizing the principle of

protein-dye binding. Anal Biochem 72:248–254

Brulina A (1985) 2-oxoglutarate. In: Bergmayer HU, Bergmayer J,

Graßl M (eds) Methods in enzymatic analysis. Metabolites 2: tri-

and di-carboxylic acids, purines, pyrimidines and derivates,

coenzymes, inorganic compounds, vol VII, 3rd edn. Verlag

Chemie, Weinheim, pp 20–24

Budde RJA, Fang TK, Randall DD (1988) Regulation of the

phosphorylation of mitochondrial pyruvae dehydrogenase com-

plex in situ. Effects of respiratory substrates and calcium. Plant

Physiol 88:1031–1036

Bykova NV, Keerberg O, Pärnik T, Bauwe H, Gardeström P (2005)

Interaction between photorespiration and respiration in trans-

genic plants with antisense reduction in glycine decarboxylase.

Planta 222:130–140

Carrari F, Nunes-Nesi A, Gibon Y, Lytovchenko A, Loureiro ME,

Fernie AR (2003) Reduced expression of aconitase results in an

enhanced rate of photosynthesis and marked shifts in carbon

partitioning in illuminated leaves of wild species tomato. Plant

Physiol 133:1322–1335

Cataldo DA, Haroon M, Schrader LE, Youngs VL (1975) Rapid

colorimetric determination of nitrate in plant-tissue by nitration

of salicylic-acid. Commun Soil Sci Plant Anal 6:71–80

Chang JY, Knecht R, Braun DG (1983) Amino acid analysis in the

picomole range by precolumn derivatization and high-perfor-

mance liquid chromatography. Methods Enzymol 91:41–48

Dutilleul C, Driscoll S, Cornic G, de Paepe R, Foyer C, Noctor G

(2003) Functional mitochondrial complex I is required by

tobacco leaves for optimal photosynthetic performance in

photorespiratory conditions and during transients. Plant Physiol

131:264–275

Dutilleul C, Lelerge C, Prioul JL, De Paepe R, Foyer CH, Noctor G

(2005) Mitochondria-driven changes in leaf NAD status exert a

crucial influence on the control of nitrate assimilation and the

integration of carbon and nitrogen metabolism. Plant Physiol

139:64–78

Falcon de Longevialle A, Meyer EH, Andrés C, Taylor NL, Lurin C,

Millar AH, Small ID (2007) The pentatricopeptide repeat gene

OTP43 is required for trans-splicing of the mitochondrial nad1
intron 1 in Arabidopsis thaliana. Plant Cell 19:3256–3265

Florez-Sarasa I, Ostaszewska M, Galle A, Flexas J, Rychter AM,

Ribas-Carbo M (2009) Changes of alternative oxidase activity,

capacity and protein content in leaves of Cucumis sativus wild-
type and MSC16 mutant grown under different light intensities.

Physiol Plant 137:419–426

Gardeström P, Igamberdiev AU, Raghavendra AS (2002) Mitochon-

drial functions in the light and significance to carbon–nitrogen

interactions. In: Foyer CH, Noctor G (eds) Photosynthetic

nitrogen assimilation and associated carbon and respiratory

metabolism. Advances in Photosynthesis, vol 12. Kluwer,

Dordrecht, pp 151–172

Garmier M, Carroll AJ, Delannoy E, Vallet C, Day DA, Small ID,

Millar AH (2008) Complex I dysfunction redirects cellular and

mitochondrial metabolism in Arabidopsis. Plant Physiol

148:1324–1341

Gauthier PPG, Bligny R, Gout E, Mahé A, Nogués S, Hodges M,
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Tcherkez G, Mahé A, Gauthier P, Mauve C, Gout E, Bligny R, Cornic

G, Hodges M (2009) In folio respiratory fluxomics revealed by
13C isotopic labeling and H/D isotope effects highlight the

noncyclic nature of the tricarboxylic acid ‘‘cycle’’ in illuminated

leaves. Plant Physiol 151:620–630

Tovar-Méndez A, Miernyk JA, Randall DD (2003) Regulation of

pyruvate dehydrogenase complex activity in plant cells. Eur J

Biochem 270:1043–1049

Wallsgrove RM, Lea PJ, Miflin BJ (1979) Distribution of the enzymes

of nitrogen assimilation within the pea leaf cell. Plant Physiol

63:232–236

1382 Planta (2010) 232:1371–1382

123



VI



Keerberg O, Ivanova H, Keerberg H, Pärnik T (2000)
CO2 EXCHANGE OF POTATO TRANSFORMANTS WITH 

REDUCED ACTIVITIES OF GLYCINE DECARBOXYLASE
In: Phytosfere’99. Highlights in European Plant Biotechnolog y Research and 

Technolog y Transfer. De Vries GE,  Metzlaff K (eds), Elsevier Science 
BV, Amsterdam, pp. 215–219



131



132



133



134



135



136

CURRICULUM VITAE

First name: Hiie
Surname: Ivanova
Date of birth: 08.08.1953

Employment: Estonian University of Life Sciences, Institute of 
Agricultural and Environmental Sciences

Position: Researcher
E-mail: hiie.ivanova@emu.ee
Academic degree  Master’s Degree (MSc), 2003, (sup) J.Viil, Infl uence 

of oxygen on photosynthetic carbon metabolism, 
Estonian University of Life Sciences

Education: 
2008–2014   PhD studies, Estonian University of Life 

Sciences 
2001–2002   MSc studies, Institute of Experimental Biology 

at Estonian Agricultural University
1971–1976   Tartu State University, Diploma in Biology/

Plant Physiology

Professional employment:
2007–   Estonian University of Life Sciences, Institute 

of Agricultural and Environmental Sciences, 
researcher

2005–2006  Institute of Agricultural and Environmental 
Sciences of of the Estonian Agricultural University, 
researcher

1976–2004  Institute of Experimental Biology of the Estonian 
Academy of Sciences and of the Estonian 
Agricultural University:

2003–2004    researcher
2001–2003    plant physiologist
1986–2001    researcher
1980–1986    junior researcher
1980     senior engineer
1978–1980    engineer
1976–1978    assistant



137

Grants and projects:

Converting C3 to C4 photosynthesis for sustainable agriculture 
(8-2/T12013PKTF)

Centre of Excellence in Environmental Adaptation (F11100PKTF)
An integrated network on climate change research activities on shrubland 

ecosystems (INCREASE) agreement for transnational access (8-2/
T11062PKTF)

Constitutive and induced emission of volatile isoprenoids in forest trees 
(ETF7645)   

Physical, chemical and biological barriers to gaseous diffusion from 
leaf  intercellular air space to chloroplasts in forest trees 
(ETF5702) 

Physical, chemical and biological barriers to gaseous diffusion from 
leaf  intercellular air space to chloroplasts in forest trees 
(ETF5702) 

Genetic and adaptative regulation of  photosynthetic carbon 
metabolism (SF0371794s01)  

Plant stress in changing climates: from stress responses to acclimation 
and adaptation (IUT8-3)  

Plant stress ecophysiology (SF1090065s07)   
Substrates of  plant leaf  respiration and photorespiration in the light 

and in the dark (ETF5989)   
Substrates of plant leaf respiration in the light and in the dark (ETF8927)
Control of photorespiration in plant leaves by rDNA technology: effi ciency 

effects on plant physiology, agricultural productivity and water use 
(Grant of the European Commission on biotechnology BIO4-
CT97-2002)



138

CURRICULUM VITAE

Nimi Hiie Ivanova
Sünniaeg: 08.08.1953   
Töökoht: Eesti Maaülikool, põllumajandus- ja keskkonnainstituut
Ametikoht: teadur
E-mail: hiie.ivanova@emu.ee
Teaduskraad Teadusmagister (MSc), “Hapniku mõju süsiniku 

fotosünteetilisele metabolismile” (juh.) J.Viil, Eesti 
Põllumajandusülikool, 2003

Hariduskäik:
2008–2014  Doktoriõpe, Eesti Maaülikool
2001–2002  Magistriõpe taimefüsioloogia erialal, EPMÜ
   Eksperimentaalbioloogia Instituut
1971–1976   Tartu Riiklik Ülikool, bioloog-taimefüsioloog

Teenistuskäik:

2007–   Eesti Maaülikool, põllumajandus- ja 
 keskkonna-instituut, teadur

2005–2006   EPMÜ Põllumajandus- ja keskkonnainstituut,
    teadur

1976–2004   TA ja EPMÜ Eksperimentaalbioloogia Instituut:
2003–2004   teadur
2001–2003  taimefüsioloog
1986–2001  teadur
1980–1986  nooremteadur
1980   vaneminsener
1978–1980  insener
1976–1978  vanemlaborant



139

Osalemine uurimisprojektides ja programmides:

Converting C3 to C4 photosynthesis for sustainable agriculture 
(8-2/T12013PKTF)

Keskonnamuutuste kohanemise tippkeskus (F11100PKTF)
Kliimamuutuste uuringute infrastruktuuri INCREASE rahvusvaheline 

kasutus (8-2/T11062PKTF)   
Konstitutiivne ja indutseeritud lenduvate isoprenoidide emissioon 

metsapuudel (ETF7645)   
Lehesisese gaaside difusiooni füüsikalised, keemilised ja bioloogilised 

limitatsioonid metsapuudel (ETF5702)  
Süsiniku fotosünteetilise metabolismi geneetiline ja adaptatiivne 

regulatsioon (SF0371794s01)   
Taimede stress muutuvas kliimas: stressivastustest kohanemiseni (IUT8-

3)  
Taimede stressitaluvuse ökofüsioloogia (SF1090065s07) 
Taimelehe hingamise ja valgushingamise substraadid valguses ja pimeduses 

(ETF5989)  
Taimelehe hingamise substraadid valguses ja pimeduses (ETF8927) 
Control of photorespiration in plant leaves by rDNA technology: effi ciency 

effects on plant physiology, agricultural productivity and water use 
(Grant of the European Commission on biotechnology BIO4-
CT97-2002)



140

LIST OF PUBLICATIONS

1.1. Scholarly articles indexed in the ISI Web of Science database:

Keerberg O, Pärnik T, Ivanova H, Bassüner B, Bauwe H (2014) C2 
photosynthesis generates about 3-fold elevated CO2 levels in the C3–
C4 intermediate species Flaveria pubescens. J Exp Bot 65, 3649–3656.

Pärnik T, Ivanova  H, Keerberg O, Vardja R, Niinemets Ü (2014) 
Tree age-dependent changes in photosynthetic and respiratory CO2 
exchange in leaves of micropropagated diploid, triploid and hybrid 
aspen. Tree Physiol 34, 585–594.

Hüve K, Bichele I, Ivanova H, Keerberg O, Pärnik T, Rasulov B, Tobias 
M, Niinemets Ü (2012) Temperature responses of dark respiration 
in relation to leaf sugar concentration. Physiol Plant 144, 320–334.

Viil J, Ivanova H, Pärnik T (2012) Specificity factor of Rubisco: 
estimation in intact leaves by carboxylation at different CO2/O2 ratios. 
Photosynthetica 50, 247–253.

Keerberg O, Ivanova H, Keerberg H, Pärnik T, Talts P, Gardeström P 
(2011) Quantitative analysis of photosynthetic carbon metabolism 
in protoplasts and intact leaves of barley. Determination of carbon 
fl uxes and pool sizes of metabolites in different cellular compartments. 
BioSystems 103, 291–301.

Szal B, Jastrzebska A, Kulka M, Lesniak K, Podgorska A, Pärnik T, 
Ivanova H, Keerberg O, Gardeström P, Rychter AM (2010) Infl uence 
of mitochondrial genome rearrangement on cucumber leaf carbon 
and nitrogen metabolism. Planta 232, 1371–1382.

Ivanova H, Keerberg H, Pärnik T, Keerberg O (2008) Components of 
CO2 exchange in leaves of C3 species with different ability of starch 
accumulation. Photosynthetica 46, 84–90.

Pärnik T, Ivanova H, Keerberg O (2007) Photorespiratory and 
respiratory decarboxylations in leaves of C3 plants under diffrent 
CO2 concentrations and irradiances. Plant Cell Environ 30, 1535–1544.



141

Viil J, Ivanova H, Pärnik T (2006) Light- and CO2-saturated 
photosynthesis: enhancement by oxygen. Photosynth Res 88, 357–366.

Viil J, Ivanova H, Pärnik T, Pärsim E (2004) Regulation of ribulose-
1,5-bisphosphate carboxylase/oxygenase in vivo: control by high CO2 
concentration. Photosynthetica 42, 283–290.

Pärnik T, Voronin PY, Ivanova H, Keerberg O (2002) Respiratory CO2 
fl uxeses in photosynthesizing leaves of C-3 species varying in rates 
of starch synthesis. Russ J Plant Physiol 49, 729–735.

Viil J, Ivanova H, Pärnik T, Pärsim E (2001) Measurement of the 
concentration of the active centers of ribulose-1,5-bisphosphate 
carboxylase/oxygenase in vivo. Russ J Plant Physiol 48, 116–121.

Viil J, Ivanova H, Pärnik T (1999) Estimation of rate constants of the 
partial reactions of carboxylation of ribulose-1,5-bisphosphate in vivo. 
Photosynth Res 60, 247–256.

Voronin PYu, Ivanova HN, Keerberg OF, Pärnik TR (1998) Temperature 
dependence of photosynthetic CO2-exchange in the leaves of cold-
acclimated winter rye plants. Russ J Plant Physiol 45, 422–427.

Viil J, Ivanova H, Pärnik T (1989) Carboxylation and oxygenation of 
ribulose-1,5-bisphosphate carboxylase-ribulose 1,5-bisphosphate 
complex: in vivo parameters. Soviet Plant Physiol 36, 472–478.

Viil J, Ivanova H, Pärnik T (1985) Effects of O2 and irradiance on CO2 
assimilation in Phaseolus vulgaris. Photosynthetica 19, 88–97.

1.2. Peer-reviewed articles in other peer-reviewed international 
research journals:

Keerberg O, Gardeström P, Ivanova H, Keerberg H, Talts P, Pärnik T 
(1997) Photosynthetic carbon metabolism in leaves of cold-hardened 
and non-hardened winter rye at different ambient air temperatures. 
Acta Agronomica Hungarica 46, 371–376.



142

1.3. Articles in other peer-reviewed research journals with a local 
editorial board:

Viil J, Ivanova H, Pärnik T (1995) Infl uence of oxygen on the level of 
ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco): only a 
substrate or also inhibitor? Proc Estonian Acad Sci Chem 44, 48–57.

Ivanova H, Keerberg O, Pärnik T (1993) Inf luence of oxygen 
concentration on the carbon fl uxes in the biochemical system of 
CO2 assimilation. Proc Estonian Acad Sci Chem 42, 185–197.

Viil J, Pärnik T, Ivanova H (1993). Carboxylation of ribulose-1,5-
bisphosphate and the concentration of CO2: where is saturation? 
Proc Estonian Acad Sci Chem 42, 179–184.

3.1. Articles/chapters in books:

Keerberg O, Ivanova H, Keerberg H, Pärnik T (2000) CO2 exchange of 
potato transformants with reduced activities of glycine decarboxylase. 
In: Phytosfere’99. Highlights in European Plant Biotechnolog y Research and 
Technolog y Transfer. de Vries GE, Metzlaff K (eds.), Elsevier Science 
BV, Amsterdam, pp.215–219.

Pärnik T, Gardeström P, Ivanova H, Keerberg O (1998) Photorespiratory 
and respiratory CO2 fl uxes in winter rye leaves at low temperatures. 
In: Plant Mitochondria: From Gene to Function. Møller IM, Gardeström 
P, Glimelius K, Glaser E (eds), Backhuys Publishers, Leiden, the 
Netherlands, pp.585–589.

3.4. Articles published in the proceedings of the international
conference:

Keerberg O, Ivanova H, Keerberg H, Pärnik T (2005) Degradation 
and conversion of starch are blocked in photosynthesizing leaves 
of Arabidopsis thaliana. In: Photosynthesis: Fundamental Aspects to Global 
Perspectives. 13th International Congress of Photosynthesis, Montreal, 2004. van 
der Est A, Bruce D (eds), Alliance Communications Group Division 
Allen Press, Lawrence, Kansas, USA, pp.918–920.



143

Pärnik T, Ivanova H, Keerberg O (2005) Photorespiration and respiration 
in leaves of various C3-species under low and high light. In: 
Photosynthesis: Fundamental Aspects to Global Perspectives. 13th International 
Congress of Photosynthesis, Montreal, 2004. van der Est A, Bruce D (eds), 
Alliance Communications Group Division Allen Press, Lawrence, 
Kansas, USA, pp.920–922.

Keerberg O, Gardeström P, Ivanova H, Keerberg, H, Talts P, Pärnik 
T (2000) Photosynthetic CO2 exchange and carbon metabolism in 
leaves of cold- hardened and non-hardened winter rye. COST 814. 
Crop Development for Cool and Wet Regions of Europe. Proceedings of the 
Final Conference in Pordenone (Italy), pp.127–131.







ISSN 2382-7076
ISBN 978-9949-569-09-0 (printed)

 ISBN 978-9949-569-10-6 (pdf )

Trükitud taastoodetud paberile looduslike trükivärvidega © Ecoprint

VIIS VIIMAST KAITSMIST

MARTI TUTT

FACTORS AFFECTING BIOCHEMICAL COMPOSITION OF LIGNOCELLULOSIC 
BIOMASS AND ITS EFFECT ON SELECTION OF PRETREATMENT METHOD AND ON 

BIOETHANOL PRODUCTION POTENTIAL 
LIGNOTSELLULOOSSE BIOMASSI BIOKEEMILIST KOOSTIST MÕJUTAVAD TEGURID 

NING BIOKEEMILISE KOOSTISE MÕJU EELTÖÖTLUSMEETODI VALIKULE JA 
BIOETANOOLI TOOTLIKKUSELE 

Professor Jüri Olt, vanemteadur Timo Kikas
28. august 2015

MARET SAAR

ELECTRICAL CHARGE OF BASIDIOSPORES OF HYMENOMYCETES (FUNGI)  
AND ITS BIOLOGICAL SIGNIFICANCE 

EOSLAVASEENTE KANDEOSTE ELEKTRILAENG JA SELLE BIOLOOGILINE TÄHENDUS 
Professor Tiiu Kull
17. september 2015

GARRI TRALMAN 

ROD-THROUGH-PLATE FIXATOR IN THE TREATMENT OF LONG BONE  
FACTURES OF SMALL ANIMALS 

KOMBINEERITUD METALLOOSTEOSÜNTEES PIKKADE TORULUUDE MURDUDE 
RAVIKS VÄIKELOOMADEL 

Professor Vladimir Andrianov, professor Marina Aunapuu 
22. oktoober 2015

AARE AAN

ON USING MATHCAD SOFTWARE FOR MODELLING, VISUALIZATION AND 
SIMULATION IN MECHANICS 

MATHCAD TARKVARAPÕHINE MODELLEERIMINE, VISUALISEERIMINE JA 
SIMULEERIMINE MEHAANIKAS

Professor Mati Heinloo
6. november 2015

BERIT TEIN

THE EFFECT OF DIFFERENT FARMING SYSTEMS  
ON POTATO TUBER YIELD AND QUALITY

VILJELUSSÜSTEEMIDE MÕJU KARTULI MUGULASAAGILE JA KVALITEEDILE
Dotsent Are Selge, teadur Viacheslav Eremeev, vanemteadur Evelin Loit

4. detsember 2015


	Blank Page
	Blank Page



