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The effects of changes in mitochondrial DNA in cucumber (Cucumis sativus L.)

mosaic mutant (MSC16) on respiration, photosynthesis and photorespiration

were analyzed under non-stressed conditions. Decreased respiratory capacity of
complex I in MSC16 mitochondria was indicated by lower respiration rates of

intact mitochondria with malate and by rotenone-inhibited NADH or malate

oxidation in the presence of alamethicin. Moreover, blue native PAGE indicated

decreased intensity of protein bands of respiratory chain complex I in MSC16

leaves. Concerning the redox state, complex I impairment could be

compensated to some extent by increased external NADH dehydrogenases

(NDexNADH) and alternative oxidase (AOX) capacity, the latter presenting

differential expression in the light and in the dark. Although MSC16
mitochondria have a higher AOX protein level and an increased capacity, the

AOX activity measured in the dark conditions by oxygen discrimination

technique is similar to that in wild-type (WT) plants. Photosynthesis induction by

light followed different patterns in WT and MSC16, suggesting changes in

feedback chloroplast DpH caused by different adenylate levels. At steady-state,

net photosynthesis was only slightly impaired in MSC16 mutants, while

photorespiration rate (PR) was significantly increased. This was the result of large

decreases in both stomatal and mesophyll conductance to CO2, which resulted
in a lower CO2 concentration in the chloroplasts. The observed changes on CO2

diffusion caused by mitochondrial mutations open a whole new view of

interaction betweenorganelle metabolism andwhole tissue physiology. The sum

of all the described changes in photosynthetic and respiratory metabolism

resulted in a lower ATP availability and a slower plant growth.

Abbreviations – AlaM, alamethicin; AN, net photosynthesis rate; AOX, alternative oxidase; ATP, adenosine triphosphate; BN-PAGE,

blue native PAGE; Cc, chloroplast CO2 concentration; Ci, substomatal CO2 concentration; Ci*, apparent CO2 photocompensation

point; CMS, cytoplasmic male sterile; DW, dry weight; ETR, electron transport rate; Fv/Fm, maximum photochemical efficiency of

PSII; FW, fresh weight; G*, CO2 photocompensation point; gm, mesophyll conductance to CO2; gs, stomatal conductance to CO2;

Jmax, maximum capacity for photosynthetic ETR; MOPS, 4-morpholinepropanesulfonic acid; MSC16, mosaic mutant of cucumber;

NDinNADH, internal NADH dehydrogenase; NDexNADH, external NADH dehydrogenase; NPQ, non-photochemical quenching;

PPFD, photosynthetically active photon flux density; PR, photorespiration rate; RD, respiration in dark; RL, respiration in light; SHAM,

salicylhydroxamic acid; ta, the electron partitioning through the alternative pathway; valt, activity of the AOX pathway; Vc,max,

maximum carboxylation capacity; vcyt, activity of the cytochrome oxidase pathway; VDAC, voltage-dependent anion channel; Vtot,

total oxygen uptake rate; WT, wild-type.
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Introduction

Growth and biomass production depend on the level and

availability of assimilates and cell energy potential.

Because of this, a large number of studies has focused

on photosynthesis. However, in photosynthetic tissues,
chloroplastic electron transport contributes not only to

cell energy balance but also to the activity of the

mitochondrial respiratory chain (Noctor et al. 2004).

Moreover, a large fraction of assimilates produced during

photosynthesis are respired, supplying the energy

required for growth (Lambers et al. 2005) as well as

providing carbon skeletons to the cell (Noctor and Foyer

1998, Raghavendra and Padmasree 2003).
Electron transport chain in plant mitochondria has

a branched structure. It consists of the complexes

involved in electron transport common to all organisms

as well as two internal dehydrogenases (NDin) and two

external dehydrogenases (NDex). These donate electrons

to the ubiquinone pool, which, in plants, can be oxidized

by alternative oxidase (AOX) in addition to the cyto-

chrome chain common to all organisms (Møller 2001).
Additional NAD(P)H dehydrogenases and AOX are non-

proton pumping, and it is thought that one of their roles

might be to remove the excess of reducing power without

ATP production and decreasing the formation of reactive

oxygen species in the cell (Clifton et al. 2005, 2006,

Juszczuk and Rychter 2003, Møller 2001, Rasmusson

et al. 2004, Rhoads et al. 2006, Yoshida et al. 2006).

Recently, it was suggested that differential expression of
AOX genes might be crucial in the initiation of plant

stress-adaptive programmes (Arnholdt-Schmitt et al.

2006, Pastore et al. 2007).

In addition to the well-known roles of mitochondrial

respiration, it has been highlighted that it may play a role

in sustaining photosynthesis (Krömer 1995). A precise

balance in reducing power and ATP generation is

required for photosynthetic activity (Fernie et al. 2004)
and, in the light, mitochondrial metabolism ensures

homeostasis of adenylate status in fluctuating environ-

ment (Dutilleul et al. 2003, Noctor and Foyer 1998, 2000,

Noctor et al. 2007, Raghavendra and Padmasree 2003). In

addition, specific roles in photosynthesis have been

described for respiratory components. For instance, the

absence of the mitochondrial uncoupling protein

AtUCP1 in Arabidopsis results in a decrease in the rate
of oxidation of photorespiratory glycine in the mitochon-

dria, leading to reduced photosynthesis (Sweetlove et al.

2006). On the contrary, transgenic tomato with decreased

mitochondrial malate dehydrogenase activity presents

enhanced photosynthesis and growth (Nunes-Nesi et al.

2005). On the other hand, the activity of AOX is increased

under severe drought (Ribas-Carbo et al. 2005), resulting

in a decreased over-reduction of the photosynthetic

electron transport chain (Bartoli et al. 2005). Actually,

inhibition of AOX causes over-reduction of the photo-

synthetic electron transport chain even at low light
(Yoshida et al. 2006, 2007). Finally, CMSII mutants of

Nicotiana sylvestris, which lack mitochondrial complex I

activity, also show reduced photosynthesis (Dutilleul

et al. 2003, Priault et al. 2007). Surprisingly, the lower net

photosynthesis of this mutant as compared with its wild-

type (WT) is not caused by alterations in electron transport

but by an increased photorespiration rate (PR), which is

the consequence of a reduced mesophyll conductance to
CO2 (gm) in the mutant (Priault et al. 2006).

Plants with a mitochondrial mutation can be used as

a tool for studying the effect of respiratory chain activity

on the metabolism of photosynthetic tissues. Besides

uncoupling protein mutants of Arabidopsis and CMSII

mutants of Nicotiana, mitochondrial genome mutations

are widespread in plants and, quite often, they involve

rearrangements and deletions leading to abnormal plant
growth (Newton et al. 2004). These types of mutants are

usually heteroplasmic and contain a mixture of mutated

and normal mitochondria. The best studied mitochondrial

mutations include cytoplasmic male sterile (CMS) mu-

tants and mutations connected with leaf chlorosis such as

maize non-chromosomal stripe (Newton et al. 2004).

The mosaic mutant of cucumber (MSC16) was ob-

tained by regeneration of the original line B from in vitro
cultures (Malepszy et al. 1996). Crossing of MSC with line

B showed that this phenotype is not connected with

nuclear or chloroplastic genome (Malepszy et al. 1996).

Plants with the MSC phenotype present a JLV5 deletion in

the non-coding region of the mitochondrial genome,

although the precise description of this mutation remains

elusive (Bartoszewski et al. 2004, Lilly et al. 2001). The

MSC16 line is characterized by strong phenotypic
changes including slower growth and mosaic type of leaf

spots (Malepszy et al. 1996). However, a detailed

characteristic of metabolic changes connected with

mitochondrial function is lacking.

Therefore, mutant MSC16 is a suitable model to study

the role of mitochondria in the cellular energetic

economy. The present study analyzes the effects of

mitochondrial genome rearrangement in MSC16 pheno-
type on respiration, photosynthesis, photorespiration,

growth rate and ATP concentration of leaf and root

tissues. Moreover, the activities and capacities of the

electron chain components of mitochondria isolated

from leaf and root tissue of cucumber WTand MSC16 are

analyzed.
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Materials and methods

Plant material and growth conditions

Cucumber seeds (Cucumis sativus L. cv. Borszczagowski)
of WT or MSC16 mutant plants were germinated on

moistened filter paper, and 3-day-old seedlings were

transferred to 3.5-l boxes with complete Knop medium

flushed with air. The nutrient solution was supplemented

every day and changed every 4 days. Plants were grown

under a 16-h/8-h photoperiod at 150 mmol quanta m22

s21 PAR (daylight and warm white 1:1; LF-40W; Piła,

Poland) day/night temperature of 25/20�C and 60/70%
relative humidity. Roots or first leaves from WTor MSC16

plants with developed four leaves were used in experi-

ments always after 4 h of the light period. For oxygen

discrimination measurements, plants were grown in

a growth chamber at the Universitat de les Illes Balears

under controlled conditions in 15-l pots, with a mixture of

turbe, perlite and vermiculite (2:1:1) under a 16-h/8-h

photoperiod at 400 mmol m22 s21 PAR day/night tem-
perature of 25/20�C and around 50% relative humidity.

Gas exchange and chlorophyll fluorescence
measurements

All measurements were made on the same leaves

described above, at 25�C and using the 2-cm2 leaf

chamber. Detailed gas-exchange experiments included
AN–Ci curves and determinations of respiration in the

light (RL) and the apparent CO2 photocompensation point

(C�
i ), according to the method of Laisk (1977).

AN–Ci curves were measured using an open gas

exchange system Li-6400 (Li-Cor Inc., Lincoln, NE). Leaf

gas exchange parameters were determined simulta-

neously with measurements of chlorophyll fluorescence

using the open gas exchange system Li-6400 (Li-Cor Inc.)
with an integrated fluorescence chamber head (Li-6400-

40; Li-Cor Inc.). The actual photochemical efficiency of

PSII (fPSII) was determined by measuring steady-state

fluorescence (Fs) and maximum fluorescence during

a light-saturating pulse of ca. 8000 mmol m22 s21 (Fm
# ),

following the procedures of Genty et al. (1989):

fPSII ¼
�
F#m2Fs

�

F#m

The electron transport rate (ETR) was then calculated

as:

ETR ¼ fPSII � PPFD � a

where PPFD is the photosynthetically active photon

flux density and a, a term that includes the product of

leaf absorption and the partitioning of absorbed quanta

between PSII and PSI. a was determined from the

relationship between fPSII and fCO2
obtained by varying

light intensity under non-photorespiratory conditions in

an atmosphere containing less than 1% O2 (Warren and

Dreyer 2006). The resulting a was 0.5, not differing
among genotypes.

Moreover, the induction of photosynthetic ETR and

non-photochemical quenching (NPQ) of chlorophyll

fluorescence was determined in leaves darkened for

30 min. Basal (Fo) and maximum (Fm) chlorophyll

fluorescence were recorded using the Li-6400 fluores-

cence head. From these, the maximum photochemical

efficiency of PSII (Fv/Fm) was calculated as:

Fv

Fm
¼ ðFm2FoÞ

Fm

Then, the light was turned on (1500 mmol m22 s21)

and steady-state (Fs) and maximum (Fm
# ) fluorescence

were recorded every 3 min during 45 min. ETR was

calculated as described above and NPQ as:

NPQ ¼ Fm2F#m
F#m

Six CO2 response curves were obtained from different

plants for each genotype. In light-adapted leaves,

photosynthesis was initiated with a CO2 concentration

surrounding the leaf (Ca) of 400 mmol mol21 and a PPFD

of 1500 mmol m22 s21 (light saturation assessed by light

response curves was approximately 800 mmol m22 s21).

The amount of blue light was set to 10% PPFD to

maximize stomata aperture. Leaf temperature was main-
tained at 25�C, and leaf-to-air vapor pressure deficit was

kept between 1.6 and 2.0 kPa during all measurements.

Once steady-state was reached (usually 30 min after

clamping the leaf), a CO2-response curve was obtained.

Gas exchange and chlorophyll fluorescence were first

measured at 400 mmol mol21, and then Ca was

decreased stepwise to 50 mmol mol21. Upon comple-

tion of measurements at low Ca, this was returned to
400 mmol mol21 to restore the original AN. Then, Ca was

decreased stepwise up to 1800 mmol mol21. Leakage of

CO2 in and out of the leaf cuvette was determined for the

same range of CO2 concentrations with a photosynthet-

ically inactive leaf enclosed (obtained by heating the leaf

until no variable chlorophyll fluorescence was observed)

and used to correct measured leaf fluxes (Flexas et al.

2007). Ten different Ca concentrations were used for each
curve.
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From simultaneous gas exchange and chlorophyll

fluorescence measurements, the PR, the chloroplast

CO2 concentration (Cc) and the gm were estimated. PR

was estimated according to Valentini et al. (1995).

Estimations of gm were performed by the method of

Harley et al. (1992):

gm ¼ AN=
�
Ci2

�
G � �

�
ETR 1 8 �

�
AN 1 RL

��
=

�
ETR24 �

�
AN 1 RL

����

where AN and Ci were taken from gas-exchange

measurements at saturating light and CO2 photocom-

pensation point (G*) and RL were estimated using the

Laisk (1977) method. Briefly, it consisted in measuring

AN–Ci curves at three different PPFDs (50, 200 and

500 mmol m22 s21), with six different CO2 concentra-
tions ranging from 300 to 50 mmol CO2 mol21 air at

each light intensity. The intersection point of the three

AN–Ci curves was used to determine C�
i (x-axis) and RL

(y-axis). C�
i was used as a proxy for the G*, as in Warren

and Dreyer (2006).

The obtained values of gm were used to calculate Cc,�
Cc ¼ Ci2AN=gm

�
and to convert AN–Ci curves into AN–

Cc curves. From the latter, the maximum carboxylation
capacity (Vc,max) and the maximum capacity for ETR

(Jmax) were calculated using the Cc-based temperature

dependence of kinetic parameters of Rubisco by Bernac-

chi et al. (2002).

Total protein extraction

Leaf material (1.0 g) was collected after either 5 h of light

or a dark period and ground in liquid nitrogen. Total

proteins were extracted into 0.3 ml of 0.1 M Tris–HCl,

pH 8.1, 10% sucrose and 0.05% b-mercaptoethanol. The

homogenates were centrifuged for 15 min at 14 000 g.

Extracts were filtered through Bio-Rad columns (Cata-

logue no. 7320-2010) and centrifuged for 1 h at 5000 g in

MILLIPORE tubes (Amicon Ultra, UFC901024) to con-
centrate the proteins. The protein concentration was

determined with the method of Bradford (1976).

Isolation of mitochondria

Mitochondria were isolated from 30 to 40 g of leaves or

70 to 80 g of roots ground with a cold mortar and pestle in
300 ml of homogenization medium containing: 0.45 M

mannitol, 30 mM MOPS, pH 7.4, 5 mM EDTA, 5 mM

DTT, 0.6% (w/v) PVP-40, 10 mM ascorbate and 1% (w/v)

BSA. The homogenate was filtered through miracloth,

and mitochondria were isolated by differential centrifu-

gations: 1500 g for 10 min and 9600 g for 20 min. The

pellet was suspended in 20 ml of the homogenization

medium and centrifuged again at 1000 g for 10 min and

9600 g for 20 min. The pellet was resuspended in 4 ml of

the homogenization medium, and mitochondria were

purified on a discontinuous Percoll gradient using
a modified method of Nishimura et al. (1982). The

discontinuous gradient was composed of 4.5 ml 60% (v/

v) Percoll, 6 ml 45% (v/v) Percoll, 12 ml (leaves) or 6 ml

(roots) 28% (v/v) Percoll and 6 ml 10% (v/v) Percoll, all in

0.45 Mmannitol, 20 mMMOPS, pH 7.2, 0.1% (w/v) BSA

and 1% (w/v) PVP-25. The gradient was centrifuged at

7000 g (Beckman Avanti centrifuge, angle rotor) for 1 h

40 min (leaves) or 40 min (roots). The mitochondrial
fraction appeared at the interface between 45 and 28% (v/

v) Percoll layer. The mitochondrial fraction was collected

and washed in a medium containing: 0.45 M mannitol,

10 mMMOPS, pH 7.2, 1 mM EDTA and 0.5% (w/v) BSA.

When Ca21 was added to the respiratory measurements,

the washing medium was free of EDTA. The pellet was

suspended in about 150 ml of washing medium. Mito-

chondrial integrity was calculated by comparison of
cytochrome c oxidase (EC 1.9.3.1) activity measured in

isotonic medium, first in the absence and then in the

presence of 0.04% (w/v) Triton X-100 to disrupt mito-

chondrial membranes (Wigge and Gardeström 1987).

Glycine in 1 mM concentration was added during

the whole isolation procedure of leaf mitochondrial

preparations for respiratory activity determinations with

glycine.

Leaf respiration measurements

The total oxygen uptake rate (Vtot), activity of the

cytochrome oxidase pathway (vcyt) and activity of the

AOX pathway (valt) in leaves were determined using

a closed gas phase system connected to a dual-inlet mass

spectrometer, as previously described (Florez-Sarasa
et al. 2007). The measuring system consisted of a 4-ml

closed cuvette where a disc (5.1 cm2) from first leaves of

plants in fourth leaf stage of development was placed at

controlled temperature (25�C) and from which 200 ml of

air was sequentially withdrawn and fed into the mass

spectrometer sample bellows. The isotope ratio mass

spectrometer (Thermo Delta XPlus, Bremen, Germany)

simultaneously analyzed masses (m/z) 32 (
16

O2), 34
(

18

O
16

O) and 28 (N2) operating in dual-inlet mode and

by comparison with a standard air sample. Calculations

of the oxygen isotopic fractionation were made as

described by Guy et al. (1989) and Ribas-Carbo et al.

(1995), without Ar correction. The electron partitioning

between the two pathways in the absence of inhibitors

was calculated as described by Guy et al. (1989), without
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forcing the plot slope to intercept the origin. Over the

course of the experiment, leaf samples consumed

a maximum of 10% of the initial oxygen (21%). Values

of r2 of all unconstrained linear regression between 2ln f

and ln(R/Ro) (with at least five data points) were at least

0.995, corresponding to an error in the estimation of less
than 0.5& (Lennon et al. 1997, Ribas-Carbo et al. 1995).

The electron partitioning through the alternative

pathway (ta) was calculated as follows:

ta ¼ ðDn2DcÞ
ðDa2DcÞ

where Dn, Dc and Da are the isotope fractionation in the

absence of inhibitors, in the presence of salicylhydroxa-
mic acid (SHAM) and in the presence of KCN, respec-

tively. The individual activities of the cytochrome oxidase

(vcyt) and the AOX alternative pathway (valt) were

obtained by multiplying the total oxygen uptake (Vtot),

with the partitioning to each pathway as follows:

vcyt ¼ Vtot

�
12ta

�

valt ¼ Vtotta

Oxygen uptake by isolated mitochondria

Oxygen uptake by isolated mitochondria was measured

using a Clark-type electrode (Hansatech, Norfolk, UK) at

25�C in 0.5 ml of incubation medium containing: 0.45 M

mannitol, 10 mM Na-phosphate buffer, pH 7.2, 5 mM

MgCl2, 10 mM KCl, 0.1% (w/v) BSA and 50–100 mg of
mitochondrial protein. Substrates were used at the

following concentrations: 10 mM malate (with 2 mM

glutamate and 0.5 mM NAD1), 20 mM succinate (with

0.2 mM ATP), 1 mM NADH (with 1 mM CaCl2), 10 mM

glycine and 80 mM ADP. The cytochrome pathway was

inhibited with 800 mM KCN in the presence of 1 mM

pyruvate and 10 mM DTT to activate the alternative

pathway. The alternative pathway was inhibited with
750 mM SHAM. Respiratory activities of isolated mito-

chondria were measured in the presence and absence

of alamethicin (AlaM). AlaM (A4665, Sigma-Aldrich,

St. Louis, MO) was dissolved in ethanol to a concentration

of 10 mg ml21 in the stock solution and stored at 220�C.

In the measurements, AlaM was added to a final con-

centration of 10 mg ml21. This concentration was found

optimal after titration of mitochondria with various con-
centration of AlaM and was similar to concentration used

by Johansson et al. (2004).

NAD-malic enzyme activity was determined in iso-

lated mitochondria as described by Day et al. (1984).

ATP and ADP extraction and determination

Leaf tissue was collected in the middle of photoperiod or
after darkness and immediately frozen in liquid nitrogen.

About 500 mg of frozen leaf powder or 1 g fresh root

tissue was homogenized in a precooled mortar with 3 ml

17% perchloric acid; the homogenate was centrifuged at

10 000 g for 10 min at 4�C. The supernatant was

neutralized by mixing with equal volumes of 1,1,2-

trichlorotrifluoroethane (Fluka, Buchs, Switzerland) and

tri-n-octylamine (Sigma-Aldrich). After centrifugation,
the top layer that contained the neutralized extract was

decanted and stored at 220�C. ADP was converted to

ATP by pyruvate kinase (Sigma-Aldrich). The ATP

concentration was assayed luminometrically by the

luciferin–luciferase reaction according to Pradet (1967).

Protein SDS–PAGE and immunodetection

The samples of mitochondrial proteins were suspended in

one-fourth of the volume of the loading buffer containing

[0.3 M Tris–HCl, pH 6.8, 50% (v/v) glycerol, 0.02% (w/v)

bromophenol blue and 5% (w/v) SDS] and boiled for

5 min. The portions of 5 or 10 mg of mitochondrial

protein per lane were separated on 12% SDS–PAGE and

electrotransferred to nitrocellulose membrane using

a Bio-Rad wet blotting apparatus. The following antisera
were used: mice monoclonal antiserum against Sauro-

matum guttatum AOX (Elthon et al. 1989; from T. Elthon)

at a dilution factor of 1:100; rabbit antiserum directed

against NAD9 subunit of complex I from wheat (Lamatti-

na et al. 1993; from J. M. Grinenberger) at a dilution factor

of 1:1000; antiserum against outer mitochondrial mem-

brane porin, voltage-dependent anion channel (VDAC)

from humans (Sigma–Aldrich, V2139) at a dilution of
1:3000. Anti-mouse (Catalogue no. 170-6516; Bio-Rad,

Hercules, CA) or anti-rabbit IgG-HRP (Catalogue no. 170-

6516; Bio-Rad) were used as secondary antibodies at

a dilution of 1:3000 and 1:35 000, respectively). Visual-

ization was performed with a chemiluminescent reagent

system (Sigma-Aldrich, CPS 1-60) using Kodak develop-

ing reagents (P 7042, P 7167 and F 5388) for X-ray films.

Solubilization of mitochondrial proteins and blue
native PAGE

After centrifugation for 10 min at 20 000 g, mitochon-

drial proteins (100 mg) were solubilized with digitonin

(Sigma-Aldrich, D-141) to a final concentration of

5 g g21 protein. After incubation for 20 min on ice,
samples were centrifuged at 18 300 g for 20 min to

remove insoluble material and were supplemented with

7 ml of Coomassie brilliant blue G-250 solution. Gradient
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gels [3–12% (w/v)] were used. One-dimensional blue

native PAGE (BN-PAGE) electrophoresis was carried out

as described by Schägger (2001) at 4�C for 5 h at 90–300 V.

After the resolution, gels were stained with 0.025%

Coomassie brilliant blue G-250 in 10% acetic acid.

Gels were scanned and band intensities were estimated
as the total volume of optical density of Coomassie blue

staining of bands corresponding to intact complex I and

supercomplex I 1 III2 after the background subtracting

using QUANTITY ONE 4.5.2. software (Bio-Rad). Data from

at least four independent biological experiments were

taken. In each experiment, values of relative protein

amount were calculated as the percentage of the band

density determined for WT plants (set to 100%).

Statistical analysis

The presented results are the mean values with standard

deviation (�SD) of n (n ¼ 5–9) measurements from four to

six independent plant cultivars. Statistical analysis was

made based on Student’s t-test with the level of signi-

ficance, *P � 0.05 or **P < 0.1. [Correction added after
online publication 4 October 2007: the order of the< and

� symbols in the previous sentence is now corrected]

Results

Plant growth

The MSC16 cucumber line is characterized by strong

growth inhibition (Malepszy et al. 1996). Therefore,

plants for analysis were all at the same growth stage,

which was selected as the stage when development of the

fourth leaf is finished. This stage, depending on the
season, was reached by WT plants in about 2 weeks and

by MSC16 plants 5–7 days later. At this stage, MSC16

leaves presented three times lower fresh weight (FW), dry

weight (DW) and leaf area than WT (Table 1). Similar

differences in the DWand FWof roots were observed. The

length of the roots of MSC16 was also about 40% shorter

than that of WT (Table 1). The water contents of both

leaves and roots, calculated as (FW2DW)/FW � 100,

were similar in WT and MSC16 (Table 1).

Respiratory activity of isolated mitochondria

Purified mitochondria from WT or MSC16 cucumber
leaves and roots had high integrity (80–90%) and similar

ADP/O ratios (results not shown). The respiratory rates of

root mitochondria were always higher than those of leaf

mitochondria, and differences in oxygen uptake between

leaf and root mitochondria were substrate dependent

(Table 2).

In leaf mitochondria, the apparent respiratory capacity

was 50% higher in MSC16 than in WTwhen supplied with
NADH and 40% lower when supplied with malate. Malate

oxidation (in the presence of glutamate) was lower in

MSC16 despite that NAD-malic enzyme activity was

45% higher in MSC16 than in WT (790 nmol NADH

mg21 protein min21 and 450 nmol NADH mg21 protein

min21, respectively). When succinate was used as sub-

strate, no differences were observed between genotypes.

The respiration rates with glycine were low but higher in
MSC16 mitochondria than in WT. When rotenone, an

inhibitor of complex I, was added in addition to malate, the

rate of oxygen consumption was decreased to a similar

extent in both genotypes (Table 2). In the presence of KCN,

NADH oxidation largely decreased in WT while not in

MSC16. Succinate and malate oxidation decreased

between 50 and 70% in both genotypes, indicating that

AOX capacity is substrate dependent.
In root mitochondria, the differences between geno-

types were in general smaller or non-existent (Table 2).

Only when malate was used as substrate, oxygen con-

sumption was lower in MSC16 than in WT (Table 2).

Capacityof complex I andNDNADH in leaf and root
mitochondria

AlaM is a channel-forming peptide, which, after insertion

into a membrane, allows the passage of low-molecular-

mass compounds such as ATP, ADP and NADH

Table 1. Growth parameters of the WTand MSC16 cucumber plants in the stage of fourth leaf development (see Materials and methods). Means from

six replicates with SD as indicated. WWC, weight water content. Statistically significant differences at *P � 0.05.

Leaves Roots

WT MSC16 WT MSC16

FW (g) 3.5 � 0.8 1.3 � 0.1* 2.5 � 0.8 0.6 � 0.1*

DW (g) 0.37 � 0.2 0.12 � 0.02* 0.06 � 0.003 0.02 � 0.005*

Leaf area (cm2) 170.6 � 1.0 50.4 � 2.2*

Root length (cm) 60.4 � 2.5 37.1 � 4.0*

WWC (%) 89.4 90.8 97.6 96.7
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but retains matrix proteins (Gostimskaya et al. 2003,

Grivennikova et al. 2001, Johansson et al. 2004).

Permeabilization of mitochondrial membrane with AlaM

permits to compare the capacities for NADH oxidation by
complex I and ND NADH. Addition of AlaM greatly

increases oxygen consumption with NADH in leaf WT

mitochondria and only by 35% in root mitochondria from

WT (Table 3). No effect of AlaM on respiration rates with

NADH of MSC16 mitochondria from leaves or roots were

observed (Table 3).

Rotenone addition in the presence of AlaM inhibited

NADH oxidation in WT and MSC16 leaf and root
mitochondria by 60%, showing that the majority of

oxygen consumption during NADH oxidation is through

complex I in both types of mitochondria (Table 3). After

rotenone inhibition, the remaining NADH oxidation in

MSC16 leaf mitochondria was about 53% lower than in

WT (Table 3). In MSC16 root mitochondria, the remain-

ing NADH oxidation after rotenone inhibition was about

25% lower compared with WT (data not shown).

In leaf mitochondria, the addition of AlaM during

malate oxidation and complete access of substrates and

cofactors increased the rates of respiration by about 40%

in both WT and MSC16 (Tables 2 and 3). In root
mitochondria, the increase in malate oxidation in the

presence of AlaM was 60 and 70% in WT and MSC16

mitochondria, respectively (Tables 2 and 3).

Electrophoretic analysis of respiratory
chain proteins

BN-PAGE analysis of WT and MSC16 mitochondria

indicated the presence of all five respiratory chain

complexes and complexes I and III organized in super-

complexes with the structure I2 1 III4 and I 1 III2
(Fig. 1). Densitometric analysis of four electrophoro-

grams of MSC16 leaf and root mitochondria indicated
a lower level of complex I protein (on an average 80 and

90% of WT, respectively). Supercomplex I 1 III2 relative

Table 2. Respiratory state 3 activities of mitochondria isolated from cucumber WTor MSC16 leaves and roots. Substrate concentrations were 10 mM

malate, 2 mM glutamate, 0.5 mM NAD1, 20 mM succinate, 0.2 mM ATP, 1 mM NADH and 0.08 mM ADP. KCN-resistant oxygen consumption was

measured in the presence of 0.8 mM KCN, 1 mM pyruvate and 10 mM DTT and was inhibited by 0.75 mM SHAM. Depending on the substrate,

50–100 mg of mitochondrial proteinwas used for the respiratorymeasurements. Data are presented as mean values � SD and are averages from three to

five mitochondrial isolations. aIn AOX-activated conditions. Statistically significant differences at **P < 0.1.

Leaves Roots

WT MSC16 WT MSC16

Oxygen consumption (nmol O2 mg21 protein min21)

Total respiration

NADH 134 � 30 203 � 32** 432 � 23 468 � 24

Succinate 179 � 24 166 � 37 455 � 41 421 � 39

Malate 129 � 6 78 � 3** 148 � 8 109 � 10**

Malate 1 rotenone 72 � 7 46 � 6** 59 � 11 47 � 11**

KCN-resistant respirationa

NADH 55 � 12 186 � 23** 252 � 13 210 � 18

Succinate 108 � 8 96 � 6 235 � 13 225 � 15

Malate 58 � 9 28 � 6** 68 � 4 58 � 4

Table 3. Capacity of complex I and internal NADH dehydrogenase in mitochondria isolated from cucumber WT or MSC16 leaves or roots. Complex I

capacitywasmeasured in the presence of 1 mMNADHand 10 mg ml21 AlaMas rotenone-sensitive oxygen consumption. Internal NADHdehydrogenase

(NDinNADH) capacity was estimated as rotenone-insensitive malate (10 mM malate, 2 mM glutamate, 0.5 mM NAD1, 1 mM rotenone) oxidation in

the absence or presence of 10 mg ml21 AlaM. Data are averages from three to five mitochondrial isolations. Statistically significant differences at

**P < 0.1.

Leaves Roots

WT MSC16 WT MSC16

Oxygen consumption (nmol O2 mg21 protein min21)

NADH 1 AlaM 470 � 29 219 � 22** 587 � 21 500 � 27**

NADH 1 AlaM 1 rotenone 195 � 19 90 � 11** 247 � 19 244 � 22

Malate 1 AlaM 184 � 25 111 � 13** 230 � 12 190 � 13**

Malate 1 AlaM 1 rotenone (NDinNADH) 103 � 14 66 � 9** 93 � 8 82 � 7
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protein amount in leaf mitochondria was 90% of WT

(Fig. 1).

Immunoblotting of mitochondria-encoded NAD9 sub-
unit of complex I and nucleus-encoded AOX, taking VDAC

as reference, was performed, in order to compare the

respective protein levels. VDAC protein levels were similar

in leaf and root mitochondria of WT and MSC16 plants

(Fig. 2A). The protein level of NAD9 subunit of complex I

was lower in MSC16 leaf (37% of WT protein level) and

root mitochondria (61% of WT protein level), in two

independent experiments (Fig. 2A). The AOX protein level
was almost 100% higher (several densitometric analysis) in

MSC16 in leaf but not in root mitochondria (Fig. 2A).

Moreover, AOX protein level increased in leaf mitochon-

dria isolated after 5 h of light period compared with

mitochondria isolated after 8 h in the dark, being always

higher in MSC16 than in WT (Fig. 2B).

Activities of the cytochrome and alternative
pathways in leaves

The oxygen isotope fractionation analysis during respira-

tion was performed in dark conditions in leaf discs

sampled after about 5 h of light period. Oxygen uptake by

leaf discs calculated either on a DW (Table 4) or area

basis (data not shown) was similar in both genotypes. The
activities of the cytochrome and alternative pathways

were also similar. The electron partitioning through the

alternative pathway (ta) was about 0.25 in both geno-

types. Therefore, the increased AOX capacity and protein

content did not translate into a higher activity under this

measurement condition.

Leaf and root ATP and ADP concentration

ATP and ADP concentration was measured in extracts of

WT and MSC16 plants and expressed per FW. Leaf ATP

concentrations during the light period were about 40%
lower in MSC16 than in WT (Fig. 3A), but during the dark

period, the differences in leaf ATP concentration almost

disappeared (Fig. 3B). In root extracts, the concentration

Fig. 1. Coomassie blue-stained resolution of cucumber WT or MSC16

mutant leaf and root mitochondrial complexes and supercomplexes by

BN-PAGE. Isolated mitochondria were treated with digitonin (5 g g21

protein). I2 1 III4, supercomplex formed by dimeric complex I and

tetrameric complex III; I 1 III2, supercomplex formed by complex I and

dimeric complex III; H, heat-shock protein (HSP) 60 complex; III2, dimeric

cytochrome c reductase; F, F1-part of the ATP synthase complex; IVa and

IVb, large and small forms of cytochrome c oxidase; II, succinate

dehydrogenase.

Fig. 2. Immunoblotting of AOX, NAD9 and VDAC proteins (A) from

mitochondria isolated from cucumber WT or MSC16 mutant leaves and

roots. AOX protein level (B) in cucumber leaf mitochondria obtained after

5 h of light or 8 h of dark period.Mitochondrial protein (10 or 5 mgwhere

indicated) was separated by SDS–PAGE, immunoblotted with proper

monoclonal antibodies and visualized by chemiluminescence. aAOX

capacity (nmol O2 mg21 protein min21) with 1 mM NADH as a respira-

tory substrate, in the presence of 0.8 mM KCN, 1 mM pyruvate and

10 mM DTTwas measured polarographically; values are indicated above

the protein bands. Arrows indicate molecular mass (kDa) of proteins.

Representative results are shown.
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of ATP did not differ significantly between genotypes

(Fig. 3C). In leaf and root extracts, ADP concentration

was at a similar level in WTand MSC16 (Fig. 3). Leaf ATP/

ADP ratio during the light period decreased from
1.68 � 0.18 in WT to 1.14 � 0.08 in MSC16 but in the

darkness did not differ significantly (1.48 � 0.24 in WT

and 1.25 � 0.21 in MSC16). In root extracts, no differ-

ences in ATP/ADP ratios were observed.

O2 exchange and chlorophyll fluorescence

Respiration in dark (RD), measured as the rate of CO2

emission, was similar (3 mmol CO2 m22 s21) in both

genotypes (Table 5). In the light, respiration (RL) was

strongly decreased in both genotypes (by more than 80%)

but again no differences were observed. Similarly, the

maximum efficiency of PSII (Fv/Fm) and the C�
i were

similar between genotypes, indicating that there were no

differences in the intrinsic properties of the photosyn-

thetic machinery.
However, both stomatal (gs) and mesophyll (gm)

conductances to CO2 were significantly lower (P < 0.05)

in MSC16 than in WT. Consequently, both the substoma-

tal (Ci) and chloroplast (Cc) CO2 concentrations were also

significantly lower in MSC16 than in WT. Despite this, net

photosynthesis (AN) was only marginally lower (P < 0.1)

in MSC16 than in WT, and steady-state chloroplast ETR

did not differ between genotypes (Table 5). On the
contrary, PR was significantly higher in MSC16 than in

WT. Finally, the photosynthetic capacity, as revealed

by the maximum carboxylation capacity (Vc,max) and

the maximum ETR (Jmax) were slightly higher in MSC16

than in WT (Table 5). The ratio of Jmax/Vc,max did not

differ between genotypes, revealing a similar distribution

of photosynthetic machinery towards light and dark

reactions.
Despite the fact that steady-state ETR did not differ, light

induction of both NPQ and ETR largely differed between

genotypes (Fig. 4). In WT leaves, a large NPQ was

Table 4. The respiratory activities of the WT and MSC16 mutant

cucumber plants. In vivo cytochrome and alternative pathway activities

were measured using the oxygen isotope discrimination method. Means

from six replicates with SD as indicated.

WT MSC16

Oxygen consumption (mmol O2 g21 DW h21) 125 � 15 162 � 24

Cytochrome pathway

activity (vcyt)

94 � 18 125 � 23

Alternative pathway

activity (valt)

31 � 7 37 � 3
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Fig. 3. ATP and ADP concentration in WT or MSC16 leaf extracts after

light (A) and dark period (B). ATP and ADP concentration in root extracts

(C) of WTand MSC16 plants. Means from 4 to 12 replicates � SD.

Table 5. Analysis of gas exchange and chlorophyll fluorescence param-

eters of the WT and MSC16 mutant cucumber plants. Means from six

replicates with SD as indicated. Statistically significant differences at

*P < 0.05 and **P < 0.1.

Parameter WT MSC16

Fv/Fm 0.75 � 0.02 0.71 � 0.02

C�
i 35.7 � 1.1 33.5 � 1.3

RL (mmol CO2 m22 s21) 0.4 � 0.1 0.5 � 0.1

RD (mmol CO2 m22 s21) 3.1 � 0.3 3.0 � 0.2

AN (mmol CO2 m22 s21) 21.8 � 0.9 19.9 � 0.6*

gs (mol CO2 m22 s21) 0.204 � 0.019 0.142 � 0.009**

gm (mol CO2 m22 s21) 0.256 � 0.013 0.218 � 0.008**

Ci (mmol CO2 mol21 air) 270 � 6 240 � 5**

Cc (mmol CO2 mol21 air) 185 � 6 148 � 4**

ETR (mmol e2 m22 s21) 165.7 � 4.7 176.3 � 6.9

PR (mmol CO2 m22 s21) 6.4 � 0.2 7.9 � 0.4**

Vc,max (mmol CO2 m22 s21) 127.2 � 4.7 141.2 � 6.7*

Jmax (mmol CO2 m22 s21) 174.1 � 7.2 192.4 � 5.0*

Jmax/Vc,max 1.37 � 0.04 1.37 � 0.04
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initially developed upon illumination, which was then

progressively relaxed during the next 45 min and later

(not analyzed). In MSC16 leaves, however, the initial

enhancement was not observed and the leaves reached

a steady-state value as early as 2 min after illumination

(Fig. 4). On the other hand, the initial increase of ETR was
similar in both genotypes, but after about 7 min, the two

curves followed separate trends, with ETR increasing

faster in WT than in MSC16 and both reaching similar

values under full steady-state (Table 5).

Discussion

Most of the reported mitochondrial mutations involve

rearrangements and large deletions of mtDNA (Newton

et al. 2004). Bartoszewski et al. (2004) found that

rearrangements in cucumber MSC16 mitochondrial

genome were because of placing the rpl5 region next to
the forward junction of the JLV5 deletion. However, no

differences in the expression of protein RPL5 were

observed. Moreover, polymorphism revealed by rrn18

and nad5–exon2 was unique to cucumber MSC16 and

was the result of rearrangement, which placed these two

coding regions together (Bartoszewski et al. 2004).

Although the genetic basis of the MSC16 phenotype still

remains enigmatic, the present study reports changes in
the mitochondrial respiratory chain that affect the whole

cell metabolism, leaf physiology and plant growth.

Mature leaves of MSC16 were smaller than those of WT,

and their root length was severely restricted. Decreased

growth in MSC16 may be related to the observed lower

ATP content in their leaves as compared with WT under

light conditions. This lower ATP content is likely to be

related to changes in respiratory metabolism and/or
photosynthetic metabolism.

Concerning respiration, although no changes in total

rates of respiration were observed in leaf tissue (as

measured by three different methods), rearrangements in

mtDNA in cucumber MSC16 plants resulted in a lower

capacity of NADH oxidation in the mitochondrial matrix,

particularly in leaf mitochondria, with only marginal

effects in root mitochondria. Matrix NADH oxidation
involves the activity of complex I and rotenone-resistant

internal NADH dehydrogenases (NDinNADH) (Rasmusson

et al. 2004). A decreased respiratory capacity of com-

plex I in leaf MSC16 mitochondria was indicated by

(1) lower respiratory activity of intact mitochondria

with malate but not with the substrates that omitted

complex I, such as succinate or external NADH and

(2) rotenone-inhibited NADH or malate oxidation in
the presence of AlaM, which increases the inner mito-

chondrial membrane permeability to low-molecular-

weight substances (including NADH). Therefore, AlaM

removes transport restriction of substrates such as mal-

ate and cofactors like glutamate, NAD1, etc., across

the inner membrane and it also causes a leakage of all

low-molecular-weight components from mitochondrial

matrix (Gostimskaya et al. 2003, Grivennikova et al.
2001, Johansson et al. 2004).

Moreover, BN-PAGE analysis confirmed a lower level

of complex I and supercomplex I 1 III2 in MSC16

mitochondria as compared with WT, indicating changes

in the stability and/or assembly of complex I in MSC16

mitochondria. Proteins encoded by mtDNA include

several subunits of complex I, namely NAD 1–7 and

usually NAD9 (Lamattina et al. 1993, Newton et al.
2004). One reason for the decreased capacity of complex

I may be the lower protein level of NAD9 subunit in leaves

and roots of MSC16, as observed in the protein gel blot

analysis. This would be similar to what was already

observed in CMS tobacco mutants, where no NAD9 was

detected by Western blotting even though the nad9 gene

was not deleted and its transcription was unchanged
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(Gutierres et al. 1997). A decrease in the participation of

complex I may decrease the ATP yield of mitochondrial

electron transport, hence partly explaining the observed

decreased ATP content.

An increased activity of ND NADH and/or AOX may

partially compensate the lower matrix NADH oxidation.
As pointed out by Møller (2002), determination of ND

NADH activities in mitochondria is not easy, with the

exception of external NADH dehydrogenase (NDex-

NADH) activity that can be simply measured in intact

mitochondria with externally added NADH. Oxidation

of NADH in the presence of AlaM should allow

determination of the activity of all NADH dehydro-

genases because different sensitivity to rotenone inhibi-
tion and calcium stimulation allows separate estimations

of complex I, NDinNADH and NDexNADH capacities

(Johansson et al. 2004). In the present study, it was not

possible to analyze the activity of NDinNADH because in

cucumber mitochondria, calcium ions did not stimulate

NDexNADH activity (data not shown); therefore, in

experiments with AlaM, we could not distinguish be-

tween rotenone-resistant NDinNADH and NDexNADH
activities.

AlaM increased the oxidation rates of NADH by WT

leaf and root mitochondria, showing that access of

substrates and cofactors may be limiting for the expres-

sion of full capacities of matrix ND NADH. A similar

increase was observed in potato tuber mitochondria

(Johansson et al. 2004). On the contrary, in AlaM-treated

root and leaf MSC16 mitochondria, the access of sub-
strate does not change significantly the capacity of NADH

oxidation; this indicates a lower capacity of matrix ND

NADH enzymes (complex I and NDinNADH) resulting

from mtDNA rearrangement.

Higher activity of NDexNADH was estimated in

MSC16 leaf mitochondria as compared with WT. This

may reflect a greater demand for oxidation of the excess

of cytosolic reducing power in mutant leaves because
NDexNADH regulates the reduction state of the cytosolic

pool of NADH (Gutierres et al. 1997, Moore et al. 2003,

Pla et al. 1995, Rasmusson et al. 2004). The cytosolic

concentration of NADH in MSC16 was about three times

higher than in WT (Szal et al. 2007). In CMS mutants,

complex I impairment also was compensated by

increased NDinNADH activity (Sabar et al. 2000), not

observed in cucumber MSC16.
AOX capacity reflects the maximum possible flux of

electrons to AOX and generally correlates with AOX

protein levels (Lennon et al. 1997, McDonald et al. 2002).

AOX activity indicates the AOX engagement in electron

flow from ubiquinone in the absence of inhibitors of

cytochrome pathway and can be measured in vivo by the

oxygen isotope discrimination technique (Guy et al.

1989, Ribas-Carbo et al. 1995). In root, MSC16 mito-

chondria with similar AOX capacity corresponded with

about the same intensity AOX protein bands as compared

with WT. In intact WT mitochondria, the electron flow

from external NADH to AOX might be limited by low

AOX capacity, whereas in MSC16, the increased AOX
capacity accommodates electron flow from external

NADH as a result of increased NDexNADH. Similar

alteration with respiratory metabolism with respect to

increased exogenous NADH oxidation and enhancement

of AOX capacity was found in mitochondria isolated from

leaves of CMS N. sylvestris mutants, with the absence of

functional complex I (Sabar et al. 2000).

In leaf tissue, despite increased AOX capacity and AOX
protein level in MSC16 during the light period, its activity

in vivo (measured in the dark) was similar to that in WT

leaves. However, in cucumber leaves, the level of AOX

protein was dependent on whether mitochondria were

isolated during the day or night period. After 8 h of

darkness, AOX protein was undetectable both in WTand

MSC16 leaves as was AOX capacity (numbers on Fig. 2B).

On the contrary, AOX capacity and protein were detected
after 5 h of illumination. In vivo light activation of AOX

has been reported in soybean cotyledons by Ribas-Carbo

et al. (2000). In Belgian endive leaves, AOX capacity was

higher in mitochondria isolated from light-grown leaves

than from dark-grown leaves (Atkin et al. 1993).

However, in N. sylvestris, high amounts of the AOX

protein were found at all times in CMS mutant, while in

WT, diurnal variations in AOX protein and transcript
levels were observed (Dutilleul et al. 2003). Regulation of

AOX by light may be complex and involve redox status

and post-translational regulation of the protein (van Lis

and Atteia 2004, Rasmusson and Escobar 2007).

As cucumber leaf mitochondria were isolated after 4–5

h of illumination and, therefore, the estimated capacity

corresponds to light conditions, increased AOX levels

and differences between genotypes were observed. On
the contrary, in vivo measurements of AOX activity were

performed in leaves collected under light conditions but

placed in the dark for a minimum of 30 min to avoid light-

enhanced RD. Therefore, it is possible that during these

measurements, differences in AOX content between

genotypes were not as marked as during illumination.

However, it is unlikely that 30 min of darkness will

induce a complete disappearance of AOX protein content
in the leaves. Moreover, it has also been shown in

N. sylvestrisCMSII mutant leaves, which present a higher

AOX protein content than WT, that AOX activity under

optimum growth conditions were similar (Vidal et al.

2007). It appears that the activity of AOX only increases

under stress conditions, i.e., water stress (Ribas-Carbo

et al. 2005) or cell death induction (Vidal et al. 2007).
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Another similar observation by Guy and Vanlerberghe

(2005) was made in tobacco transgenic plants.

In light, leaf ATP concentration reflects the contribution

of both chloroplast and mitochondrial ATP synthesis and

its utilization for growth and maintenance. Therefore, in

addition to the observed changes in respiration, the
decrease in ATP concentration in MSC16 leaves could

be related to changes in photosynthetic metabolism.

Both genotypes presented similar values of predawn Fv/

Fm and steady-state ETR, indicating that there were no

intrinsic differences in their photosynthetic apparatus.

However, light induction of both ETR and NPQ differed

between genotypes. In MSC16, NPQ induction is faster

than in WT, while ETR induction is lower. This could
indicate a sustained low-lumen pH (i.e. a decreased

feedback in the chloroplast DpH) in the mutants, likely

caused by respiration-induced changes in adenylate

levels (Joe Berry, personal communication; Yoshida

et al. 2006).

Besides the reported effects of respiration on chloro-

plast redox state and electron transport, Priault et al.

(2006) showed that decreased net photosynthesis rate in
CMSII mutants was because of increased photorespira-

tion, induced by a low CO2 concentration in the

chloroplast as a consequence of a decreased mesophyll

conductance. In MSC16 mutants, not only mesophyll

conductance but also stomatal conductance to CO2 were

largely decreased as compared with WT, resulting in

a much lower Ci and Cc. Consequently, and similar to

CMSII mutants, photorespiration was higher in MSC16.
While decreased CO2 diffusion from atmosphere to the

chloroplasts seems a common trait to CMSII and MSC16

mitochondrial mutants, the link between mitochondrial

respiration and whole-leaf CO2 diffusional pathways is

unknown and deserves further attention in future studies.

Despite these large differences, net photosynthesis is only

slightly lower in MSC16 than in WT, possibly as

a consequence of enhanced velocity of carboxylation
(Vc,max) in the mutant. The observed increases in the

photorespiration to photosynthesis ratio in the mutants

could account for about one-fourth to one-third of the

observed decrease in total leaf ATP.

In summary, we have characterized that rearrange-

ments in cucumber MSC16 mitochondrial genome

resulted in changes in respiration, photosynthesis and

photorespiration, altogether resulting in a lower ATP
availability and slower plant growth. In particular,

mitochondrial electron transport complex I is partially

impaired in the mutants, which, concerning the redox

state, could be compensated to some extent by increased

NDexNADH and AOX capacity. While photosynthesis is

slightly impaired in MSC16 mutants, PR is significantly

increased because of large decreases in both stomatal and

mesophyll conductance to CO2. The observed changes

on CO2 diffusion caused by mitochondrial mutations

open a whole new view of interaction between organelle

metabolism and whole tissue physiology.
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