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The effect of low temperature (2 ºС, 7 days) on the content of soluble carbohydrates in the
leaves and oxidative activity of isolated mitochondria from the etiolated plants of winter
wheat (Triticum aestivum L.) and winter rye (Secale cereale L.) has been studied. This
paper  describes  the  effect  of  low  temperature  on  the  distribution  of  the  respiratory
pathways in the isolated mitochondria from etiolated leaves of winter wheat and rye that
are different by resistance to cold. With using the different oxidation substrates (malate,
malate + rotenone, succinate, NADH and NADPH), we identified changes in the oxidative
activity  of  winter  wheat  and  rye  mitochondria.  In  this  work,  the  dependence  of  the
functioning  of  cyanide-insensitive  oxidase  and  rotenone-insensitive  NAD(P)H
dehydrogenases in the isolated mitochondria of winter cereals from content of the soluble
carbohydrates is discussed.
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Distribution of the Respiratory Pathways...

Mitochondria play a central role in the carbon

and  energy  metabolism  of  cells,  and  act  as

signaling organelles  involved  in  the regulation of

the nuclear genes expression and maintenance of

plant resistance to various stressors of biotic and

abiotic  nature  (Jacoby  et  al.,  2012;  Cvetkovska

and  Vanlerberghe,  2013;  Li  et  al.,  2013;

Vanlerberghe,  2013).  Mitochondria  perform  the

processes of cellular respiration, the final stage of

which is the release of free energy which can be

used for the synthesis of  ATP (Skulachev  et al.,

2010;  Vanlerberghe,  2013).  The various roles  of

mitochondria  in  plants  are  reflected  in  a  highly

complex  electron  transport  chain  (ETC)  that  is

located in the inner mitochondrial membrane and

consists of two pathways for electron transport: the

cytochrome  pathway  with cytochrome  c  oxidase

(COX)  as  terminal  oxidase  and  the  alternative

pathway with  alternative  cyanide-insensitive

oxidase (AOX) as terminal oxidase (Vanlerberghe

and  McIntosh,  1997; Vanlerberghe,  2013).  In

addition to  the AOX in  the respiratory  chain  are

located  type  II  NAD(P)H  dehydrogenases  or

alternative  rotenone-insensitive  "internal"  and

"external"  NAD(P)H  dehydrogenases (NAD(P)H

DGs) (Finnegan et al., 2004; Elhafez et al., 2006).

To synthesis ATP is necessary the electrochemical

proton  gradient  which  is  formed  by  work  of

complexes  I,  III  and  IV  and  the  ATP synthase.

Activation  of  the  alternative  electron  transport,

related to the functioning of alternative respiratory

enzymes, is not linked to proton transport and ATP

formation, and can instead allow oxidation of redox

compounds  like  NAD(P)H  independent  of  the

cellular  ATP  status  (Finnegan  et  al.,  2004;

Rasmusson  and  Wallström,  2010;  Vanlerberghe,

2013). Intermediates of respiration are located at

the  junction  of  the  processes  of  synthesis  and

decomposition of various compounds, and play a

key  role  in  the  vegetative  life  of  the  organism

(Semikhatova  and  Chirkova,  2001).  The  sugars

are  the  main  respiratory  substrates  (Golovko,

1999).  The  respiration  rate  of  leaves  and  roots

depends on carbohydrate status of plant (Noguchi,

2005). It is known that the main function of AOX is

involving  in  thermogenesis  specialized tissues of

some  Araceae and  lotus (Grant  et  al.,  2008;

Wagner  et al., 2008). It was earlier demonstrated

that  activation  of  alternative  pathway  correlated

with level of free sugars. The trend of higher rates

of  respiratory  and  increased  activity  of  the

alternative pathway, when sugar levels are high, is

founded in all  species examined (Azcon-Bieto  et

al.,  1983).  The  most  significant  increase  of  the

respiration rate is observed upon incubation of the

leaf slices with such water-soluble carbohydrates

as sucrose, glucose and fructose (Azcon-Bieto  et

al., 1983). Using isolated mitochondria, we showed

that  growing  of  winter  wheat  on  the  sucrose

solution resulted in activation of the AOX, and the

positive correlation between the content of soluble

carbohydrates  in  the  leaves  and  the  AOX

functioning  is  observed  (Borovik  et  al.,  2013;

Borovik  et  al.,  2014).  Respiratory  metabolism  is

dependent on various factors of  the environment

including  low  temperatures.  Respiratory  is  the

temperature-dependent process and the change in

temperature  results  in  a  rapid  changes  of

respiration  rate  (Armstrong  et  al.,  2008).  Low

temperature  decreases  the  rate  of  electrons

transport  through  the  cytochrome  pathway  of

respiration and activates transport of electrons on

the alternative pathway (Ribas-Carbo et al., 2000;

Armstrong  et  al.,  2008;  Mizuno  et  al.,  2008;

Grabelhych et al., 2014). Low temperature leads to

activation of AOX and some type II NAD(P)H DGs

in plants (Ribas-Carbo  et al., 2000; Fiorani  et al.,

2005;  Gulick  et  al.,  2005;  Elhafez  et  al.,  2006;

Armstrong et al., 2008; Mizuno et al., 2008; Tan et

al., 2012; Li et al., 2013; Grabelnych et al., 2014),
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but  so  many  questions  about  functions  and

regulation  mechanisms  of  alternative  respiratory

enzymes  at  low  temperatures  are  remained.

Probably,  in  conditions  of  low  temperatures  the

alternative  pathway  of  respiration  through

rotenone-insensitive NAD(P)H DGs and AOX can

support  the respiratory metabolism in plant  cells,

and  to  increase  their  resistance  to  low

temperatures.  Earlier,  on  the  three-day-old

etiolated seedlings of winter wheat we shown that

under the action of low temperature (2 ºС, 7 days)

was increased contribute to respiration AOX during

the  oxidation  by  mitochondria  of  the  exogenous

NADH, and it increased frost-resistant of seedlings

(Grabelnych  et  al.,  2014).  Whether  is  kept  the

ability to activate of the AOX under the influence of

low temperatures in the leaves of etiolated plants

in the later stages of development, when the sugar

content  is  exhausted,  is  unknown.  It  is  unknown

the  relationship  of  carbohydrate  status  with  the

functioning  of  rotenone-insensitive  NAD(P)H

dehydrogenases  and  cyanide-insensitive

alternative  oxidase  in  the  isolated  mitochondria

from  leaves  of  cereals,  that  are  different  by

resistance  to  cold,  after  the  influence  of  low

temperatures. The aim of the work is to study the

effect  of  low  temperature  on  distribution  of  the

respiratory pathways in the isolated mitochondria

from etiolated leaves of winter wheat and rye, and

to  evaluate  the  dependence  of  the  content  of

water-soluble  carbohydrates and  the  activity  of

alternative  respiration  enzymes  in  cereals  with

different frost-resistance.

MATERIALS AND METHODS

Plant material and growth conditions. In this

work,  etiolated  plants  of  winter  wheat  (Triticum

aestivum L., cv. Irkutskaya) and winter rye (Secale

cereale L., cv. Chulpan) were used. The seedlings

were transferred into boxes containing hydroponic

nutrient solution (a half-strength Knop medium) 3 d

after  germination.  Nonhardened control  plants  of

winter cultivars were grown in a growth chamber

(KBW 720, "Binder", Germany) in the dark for 6 to

5 days at 22  ºС and 70% relative humidity. Cold-

hardened plants were grown in dark for 5-6 days at

22 ºС and then transferred to 2 ºС for 7 days. For

analyses we used medium part of the first leaf.

Determination  of  water-soluble  carbohyd-

rate  contents. The  content  of  water-soluble

carbohydrates was analyzed using 0.2% antrone

in concentrated H2SO4 (Dishe, 1967). To measure

the  soluble  carbohydrate  contents,  we  used  a

sucrose-based calibration curve in percent of the

absolute dry weight. 

Isolation of mitochondria. Mitochondria were

isolated  from  etiolated  leaves  using  differential

centrifugation  and  purified  on a  discontinuous

Percoll  gradient  as previously  described (Borovik

et al., 2013; Garmash et al., 2015). To determine

the  intactness  of  isolated  mitochondria,  we

determined  the  permeability  of  the  mitochondria

outer  membrane  for  exogenous  cytochrome  c

(Shugaev  et  al.,  2012)  in  the  absence  and

presence of 0.04% Triton X-100. 

Respiration  of  isolated  mitochondria.

Oxidative  activity  of  isolated  mitochondria  was

measured  polarographically using  a  Clark  type

oxygen electrode ("Hansatech Inst.",  England) at

25  ºС. The incubation medium contained 18 mM

KH2PO4 (pH 7.4), 300 mM sucrose, 10 mM KCl, 5

mM EDTA and 0.3% BSA.  The substrates  used

were  10  mM malate  in  the  presence  of  10  mM

glutamate,  8 mM succinate in the presence of  5

mM glutamate, 1 mM NADH and 1 mM NADPH.

To  eliminate  the  inhibition  by  oxaloacetate,  we

added  glutamate.  For  oxidation  of  NADH  and

NADPH was excluded from the incubation medium

EDTA and was added 3 µM rotenone (an inhibitor

of  electron  transport  through  a  respiratory  chain

complex I) and 0.06 mM Ca2+  (activator rotenone-
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insensitive NAD(P)H DGs). The functioning of the

"internal"  type II  NAD(P)H DG was evaluated as

the  oxidation  of  malate  in  the  presence  of

rotenone, the functioning of the "external" type II

NADH-DG or  NADPH-DG was  evaluated  as  the

oxidation  of  exogenous  NADH  or  NADPH,

respectively, in the presence of rotenone and Ca2+.

The final concentration of ADP in the cell was 50-

200  µM.  We  used  1.2  mM  KCN  and  3  mM

benzhydroxamic acid (BHAM). The COX capacity

was calculated as the part of respiration in state 3

that was inhibited by KCN. The potential activity of

AOX was assessed as the part  of  respiration in

state  3  that  was  inhibited  by  BHAM  in  the

presence  of  KCN.  Mitochondrial  protein  was

determined by the method of Lowry (Lowry  et al.,

1951). 

Statistical  analysis. In  all  cases,  we  carried

out  not  less 3  independent  experiments each  of

which  was  made  in  3-6  repeats.  Normal

distribution  was  checked  using  the  Shapiro-Wilk

criterion.  The  results  presented  were  arithmetic

means  and  standard  deviations  (SD)  or  median

and  percentiles.  Differences  between  the

experimental  data  were  considered  statistically

significant at p<0.05. Tests were performed using

SigmaPlot 12.5.

RESULTS

Changes in the water-soluble carbohydrates

The  cold  hardening  led  to  increasing  of  the

content of  water-soluble  carbohydrates  in  the

etiolated leaves of wheat and rye (Fig. 1). In the

leaves of winter wheat after cold adaptation,  the

sugar  concentration  was  increased  3.5-fold

compared to the control. Whereas in the leaves of

winter  rye  after  cold  adaptation,  the  sugar

concentration was increased 2.1-fold compared to

the  control.  In  the  control  plants,  the  content  of

water-soluble carbohydrates in leaves of the winter

rye was higher 2.1-fold than in the leaves of wheat.

After  cold  adaptation,  the  content  of  sugar  in

leaves of winter rye was higher 1.9-fold than in the

leaves of wheat (Fig. 1). Thus, the cold adaptation

resulted  to  accumulation  of  water-soluble

carbohydrates in the etiolated leaves,  which was

probably  entered  in  leaves  from  the  starch

endosperm hydrolysis  of  seeds.  The increase  of

water-soluble  carbohydrate  content  during  cold

hardening is a prerequisite for effectively improve

of frost-resistant of plants (Trunova, 1972).

Oxidative  mitochondrial  activity  and

functioning  of  alternative  oxidase  and

rotenone-insensitive NAD(P)H dehydrogenases

The oxidative activity  of mitochondria and the

functioning  of  AOX  and  rotenone-insensitive

NAD(P)H  DGs  were  studied  on  the  purified

mitochondria from etiolated leaves of winter wheat

and  rye.  The  isolated  mitochondria  were

characterized by a high degree of intactness of the

outer  mitochondrial  membrane (86-88%) and the

ability to oxidize all used substrates of respiration

(malate,  malate  in  the  presence  of  rotenone,

succinate, NADH and NADPH). The largest value

of  the  coefficient  of  respiratory  control  (RC)

according  to  Chance-Williams  (Chance  and

Williams,  1956)  was  characteristic  for  the

mitochondria  isolated  from  the  leaves  of  the

control  plants  of  wheat  and  rye  during  the

oxidation of malate (Fig. 2).

The mitochondria  from the wheat  leaves  with

higher  rate  oxidized  the  substrates  than  the

mitochondria  from  the  rye  leaves  (Fig.  3).  In

control  wheat,  the  mitochondria  with  higher  rate

oxidized such substrates as malate and NADH and

with least rates oxidized the malate in presence of

rotenone.  The  level  of  AOX  capacity  was

substrate-dependent. The most AOX capacity has

been noted at oxidation of malate (Fig. 3). In rye, it

is  demonstrated similar  tendency (Fig.  3).  In the

control conditions, the mitochondria respiratory of
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wheat are characterized by the most AOX capacity

than respiratory  of  rye.  After cold  hardening,  we

noted  an  increase  of  the  AOX  capacity  and

decrease  of  the  COX  capacity  in  mitochondria

from  leaves  of  wheat  and  rye.  In  wheat,  the

statistically significant increasing of AOX capacity

is observed at oxidation only malate by 19% and

decreasing of COX capacity at oxidation of malate

and succinate by 21 and 27%, respectively. In rye,

the statistically  significant  increasing of  the AOX

capacity is  observed  at  oxidation  of  malate  (by

30%),  malate  in  presence  rotenone  (by  50%),

NADH  (2-fold)  and  NADPH  (by  83%)  and

decreasing of COX capacity at oxidation of malate

in  presence  rotenone,  succinate,  NADH  and

NADPH by 33, 37, 30 and 20%, respectively (Fig.

3). 

 

Figure  1. Effect of the cold (2 ºС, 7 days) on the content of water-soluble carbohydrates in the etiolated
leaves of winter wheat and rye.

The data are presented as median and percentiles (75th percentile and 25th percentile). n=4-12. 

* - the difference between  the Control and Cold cereals is statistically significant; ** - the difference between
the Control Wheat and Control Rye is statistically significant; *** - the difference between the Cold Wheat and
Cold Rye is statistically significant. Statistical significance of differences between medians was determined by
ANOVA, Dunn's Method, P < 0.05.

 
Figure 2. The typical polarograms of malate oxidation by mitochondria from etiolated leaves of winter wheat

and rye.
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Figure 3. Effect of the cold (2 ºC, 7 days) on the respiratory activity of mitochondria isolated from etiolated
leaves  of  winter  cereals,  the  COX and  AOX capacities  and  functioning  of  rotenone-insensitive
NAD(P)H dehydrogenases.

Substrate  concentrations  used:  10  mM malate,  10  mM malate  in  the  presence of  3  µM rotenone,  8  mM
succinate, 1 mM NADH, 1 mM NADH. The COX capacity was measured in the presence of 1.2 mM KCN. The
AOX capacity was measured in the presence of 1.2 mM KCN and inhibited by 3 mM BHAM. The data are
presented  as  mean  values  ±  SD.  n=3-9.  *  -  the  difference  between  the  Control  and  Cold  is  statistically
significant (COX); ** - the difference between the Control and Cold is statistically significant (AOX). Statistical
significance of differences between mean values was determined by ANOVA, Fisher LSD Method, P < 0.05.

The  functioning  of  AOX  and  rotenone-

insensitive NAD(P)H DGs is associated. The ability

of  the  mitochondria  to  oxidize  the  malate  in  the

presence rotenone, that is inhibitor of complex I of

the  respiratory  chain,  indicate  on  the  activity  of

rotenone-insensitive  "internal"  NAD(P)H
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dehydrogenases and the ability of mitochondria to

oxidize  exogenous  NADH  or  NADPH  in  the

presence  of  rotenone  and  Ca2+ and  absence  in

incubation medium a chelating agent  indicate on

the  functioning  of  the  "external"  NADH  and

NADPH-DGs (Møller, 2001). The cold temperature

leaded to the AOX activation at the functioning of

rotenone-insensitive  "internal"  and  "external"

NAD(P)H-DGs in mitochondria of rye (Fig. 3).

DISCUSSION

Results of earlier studies shown that the three-

day-old  etiolated  seedlings  of  winter  wheat  and

winter  rye  were  characterized  by a  high  level  of

water-soluble  carbohydrates (about  30 and 42%,

respectively, at the dry weight) (Korsukova  et al.,

2016). In the leaves of the eight-day-old etiolated

plants winter wheat and rye, the content of water-

soluble carbohydrates was significantly decreased

7.5 and 4.2-fold (Fig. 1), respectively compared to

seedlings  these  cereals.  According  to  the  above

the winter rye seedlings less spend of the sugar

during development than winter wheat seedling. 

The sugars are the main respiratory substrates

(Golovko, 1999). The respiration rate of leaves and

roots  depends  on  carbohydrate  status  of  plants

(Noguchi, 2005). The mitochondria from the wheat

leaves  with  higher  rate  oxidized  the  substrates

than the mitochondria from the rye leaves, and the

AOX  capacity  in  respiration  was  higher  in

mitochondria  from  etiolated  leaves  of  wheat

compared with the AOX capacity of mitochondria

rye (Fig. 3). The oxidative activity of mitochondria

from etiolated seedlings was less in seedlings of

hardy winter rye compared with hardy winter wheat

(Pomeroy and Andrews, 1975). The most activity

of  AOX  is  detected  at  the  malate  oxidation  by

mitochondria of both wheat and rye (Fig. 3). This

incressed  capacity  of  AOX  is  associated  with

pyruvate  that  is  formed  as  result  of  malate

oxidation  (Finnegan  et  al.,  2004).  The  rate  of

NADPH oxidation is lower than the rate of NADH

oxidation in mitochondria of the both wheat and rye

(Fig.  3).  A  similar  pattern  was  observed  in  the

three-day-old  etiolated  seedlings  of  the  winter

wheat  (data  is  not  shown).  Results  of  earlier

studies  demonstrated  that  the  activation  of

alternative  pathway  correlated  with  level  of  free

sugars. The trend of higher respiratory rates and

increased alternative pathway activity when sugar

levels  are  high  is  found in  all  species  examined

(Azcon-Bieto  et  al.,  1983).  Using  isolated

mitochondria, we showed that growing of etiolated

plants  of  winter  wheat  on  the  sucrose  solution

resulted in activation of  the respiration and AOX

capacity, and the positive correlation between the

content of soluble carbohydrates in leaves and the

AOX functioning is observed (Borovik et al., 2013;

Borovik et al., 2014). According data obtained with

using etiolated plants of winter cereals is no direct

relation  between  the  content  of  water-soluble

carbohydrates in the leaves, the respiratory activity

of  mitochondria and AOX capacity  at  the growth

conditions at 22 ºС. Thus, in winter rye leaves is

the  most  carbohydrate  content,  but  the  rate  of

respiration  and  the  AOX  contribution  lower  than

wheat  plants  (Fig.  1  and  3).  It  is  known  that  in

etiolated seedlings of winter wheat and rye there is

a  different  levels  of  free  fatty  acids,  which  can

inhibit  of  AOX  capacity  (Sluse  et  al.,  1998;

Vojnikov, 2011). The level of the free fatty acids in

etiolated  seedlings  of  rye  is  higher  than  in  the

seedlings  of  wheat  (Vojnikov,  2011). Results  of

earlier  studies  on  chilling  sensitivity  in  plants

demonstrated  higher  levels  of  unsaturation  of

mitochondrial fatty acids in chilling-resistant than in

chilling-sensitive  plants.  It  was  suggested  that

changes in unsaturation may be associated with a

phase changes in the membrane and hence with

respiratory  properties  of  the  mitochondria

(Pomeroy and Andrews, 1975). Perhaps therefore,
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in  the leaves  of  winter  rye  where the content  of

water-soluble  carbohydrates  is  more  compared

with wheat, the AOX capacity is less than in wheat.

Respiratory  is  the  temperature-dependent

process and the change in a temperature results in

a rapid change in rate of respiration (Armstrong et

al., 2008). Low temperature decreases the rate of

electrons transport through the COX and activates

transport of electrons on the AOX (Ribas-Carbo et

al.,  2000;  Armstrong  et  al.,  2008;  Mizuno  et  al.,

2008;  Grabelhych  et  al.,  2014).  The  similar

tendency is demonstrated at the oxidation of some

substrates  by  mitichondria  from  the  etiolated

leaves  of  the  winter  wheat  and  rye  at  low

temperature (Fig. 3). At low temperature the rate of

electrons  transport  through  the  cytochrome

pathway respiration was decreased, but the rate of

electrons transport on the alternative pathway was

activated at  the oxidation of  some substrates by

mitichondria from the etiolated leaves of the winter

wheat and rye (Fig. 3). In both wheat and rye, we

observed  the  increasing  of  AOX capacity  at  the

malate oxidation after action of the low hardening

temperature  (Fig.  3).  The  functioning  of  the

rotenone-insensitive NAD(P)H DGs is not changed

in mitochondria of both wheat and rye after action

of low hardening temperature (Fig. 3). We detected

the  decrease  of  succinate  oxidation  rate  by

mitochondria from etiolated leaves of rye (Fig. 3). A

similar  pattern  of  the  decrease  of  succinate

oxidation  rate  was  observed  in  the  seedlings  of

winter  rye  (Pobezhimova  et  al.,  1987).  It  was

reported that the oxaloacetate that is formed during

malate  oxidation,  competed  with  succinate  and,

inhibited the activity of succinate dehydrogenase in

mitochondria  of  wheat  at  low  temperature

(Abdrahimova  et al., 1998). In rye, the increasing

of  AOX  capacity  is  detected  at  oxidation  of  the

malate,  malate  in  the presence rotenone,  NADH

and  NADPH  (Fig.  3). The  functioning  of  the

rotenone-insensitive  NAD(P)H DGs is  associated

with increased level of AOX capacity. After action

of the low temperature is observed relation of the

AOX  capacity  with  a  content  of  the  soluble

carbohydrates in leaves (Fig. 1 and 3). Thus, the

activity  of  rotenone-insensitive  NAD(P)H  DGs  is

associated with  the increased activity  of  AOX at

high content of water-soluble carbohydrates at low

temperatures  only  in  rye.  Earlier,  using  isolated

mitochondria, we showed that the cold hardening

of etiolated plants of winter wheat on the sucrose

solution resulted in an activation of the respiration

and  AOX  capacity,  and  the  positive  correlation

between the  content  of  soluble  carbohydrates  in

leaves and the functioning of AOX and rotenone-

insensitive "external" NAD(P)H DGs is the place to

be (Borovik  et al, 2013; Borovik  et al., 2014). It is

known  that  the  water-soluble  carbohydrates  play

important  role  in  the  increasing  of  a  freezing-

tolerant of plants (Trunova, 1972; Tumanov, 1979).

Winter  wheat  is  less  resistant  to  frost  compared

with winter rye (Korsukova et al., 2016). In control

conditions,  the  contribution  of  AOX  capacity  in

respiration in a more cold hardiness of rye is less

than in the less resistant to cold wheat, but at low

temperatures the contribution of AOX capacity in

respiration  of  mitochondria  was  larger  in  rye

compared  with  wheat  (Fig.  3).  Earlier,  it  was

suggested  that  the  mitochondrial  alternative

pathway might be partly associated with the cold

acclimation and freezing tolerance in wheat. During

cold acclimation the AOX significantly increased in

a  freezing-tolerant  cultivar  compared  with  a

freezing-sensitive cultivar of wheat (Mizuno  et al.,

2008).  We  previously  shown  that  during  cold

acclimation the contribute of AOX in respiration is

increased and  it  can  increase  frost-resistance  of

etiolated plant of winter wheat (Grabelnych  et al.,

2014; Borovik et al., 2014).
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CONCLUSIONS

The  content  of  water  soluble  carbohydrate

affected  on  the  functioning  of  the  alternative

respiration  enzymes  during  cold  hardening  in

mitochondria  of  etiolated  leaves  of  the  winter

cereals, but it was not in control conditions. In all

probability,  the functioning of AOX and rotenone-

insensitive NAD(P)H DGs depends on the water-

soluble carbohydrate content not only directly, but

also indirectly by activating other  mechanisms of

regulation  such  as  abscisic  acid,  levels  of

unsaturation of mitochondrial fatty acids or different

signaling molecules. The associated functioning of

AOX with rotenone-insensitive NAD(P)H DGs can

lead to  the possibility  of  free oxidation of  NADH

and  NADPH  at  low  temperature.  Such  electron

transport  pathway  apparently  is  necessary  to

maintain  optimal  performance  of  NAD(P)+-

dependent  enzymes including  the  enzymes  of

glycolysis,  the  pentose  phosphate  pathway  and

TCA  cycle,  and  provide  the  necessary  level of

plant resistance to low temperature. It is probably

that at low temperatures the thermogenesis takes

place and it is not a byproduct of metabolism. The

thermogenesis may be one of the way to protect

the cereals against low temperature stress, where

in  one  of  the  main  roles  belongs  AOX.  The

involvement  of  AOX  in  regulation  of  many

processes  in  the  plant  cell  suggests  that  AOX

implements  one  of  the  most  important  adaptive

strategies in a plant cell  and all  its functions are

aimed at the maintenance of cellular homeostasis

in a constantly changing environment.

Thus,  the functioning of  alternative respiration

enzymes,  especially  AOX,  definitely  is  very

important  at  low temperatures.  We found that  at

low  temperatures  the  functioning  of  the  AOX  is

higher  in  more  resistant  to  cold  temperature  rye

and  revealed  some  dependence  its  functioning

with soluble carbohydrate content. But our results

suggest  that  the  regulation  of  the  activity  of

alternative respiration enzymes at low temperature

is a complex and requires further study.

ACKNOWLEDGEMENTS 

Authors  are  grateful  to  the  Baikal  analytical

center  of  collective  using  of  SB  RAS  and

experimental station "Phitotron" of SIPPB SB RAS.

The  reported  study  was  funded  by  RFBR

according to the research project № 16-34-00105.

REFERENCES

Abdrahimova J.R., Hohlova L.P., Abdrahimov F.A.

(1998)  Osobennosti  dyhaniya  i  morfologii

mitohondrij uzlov kushcheniya ozimoj pshenicy

pri  dejstvii  nizkih  temperatur  i  kartolina.

Fiziologiya rastenij [In Russian], 45, 213-220.

Armstrong  A.F.,  Badger  M.R.,  Day D.A.,  Barthet

M.M., Smith P.M., Millar A.H., Whelan J. and

Atkin  O.K.  (2008)  Dynamic  changes  in  the

mitochondrial  electron  transport  chain

underpinning  cold  acclimation  of  leaf

respiration.  Plant,  Cell  and  Envir.,  31,  1156-

1169.

Azcon-Bieto J., Lambers H. and Day D.A. (1983)

Effect  of  photosynthesis  and  carbohydrate

status on respiratory rates and the involvement

of  the  alternative  pathway in  leaf  respiration.

Plant Physiol., 72, 598-603.

Borovik  O.A.,  Grabelnych  O.I.,  Koroleva  N.A.,

Pobezhimova T.P.,  Voinikov V.K.  (2013)  The

relationships  among  an  activity  of  the

alternative pathway respiratory flux, a content

of  carbohydrates  and  a  frost-resistance  of

winter wheat. J. Stress Physiol. & Biochem. [In

Russian], 9, 241-250.

Borovik  O.A.,  Grabelnych  O.I.,  Koroleva  N.A.,

Pobezhimova T.P.,  Voinikov V.K.  (2014)  The

influence  of  carbohydrate  status  and  low

temperature on the respiratory metabolism of

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY  Vol. 12  No. 4  2016

46



Distribution of the Respiratory Pathways...

mitochondria  from  etiolated  leaves  of  winter

wheat. J.  Stress  Physiol.  &  Biochem.  [In

Russian], 10, 118-130.

Chance  B.W.  and  Williams  V.R.  (1956)  The

respiration  chain  and  oxidative

phosphorylation. Adv. Enzymol., 17, 65-152.

Cvetkovska  M.  and  Vanlerberghe  G.C.  (2013)

Alternative oxidase impacts the plant response

to biotic stress by influencing the mitochondrial

generation  of  reactive  oxygen  species.  Plant

Cell Envir., 36, 721-732.

Dishe Z. (1967) Obshhie cvetnye reakcii. pod red.

Kochetkova  N.K. Metodi  himii  uglevodov.  M:

Mir [In Russian], 21-24.

Elhafez D.,  Murcha M.W., Clifton R.,  Soole K.L.,

Day  D.A.  and  Whelan  J.  (2006)

Characterization  of  mitochondrial  alternative

NAD(P)H  dehydrogenases  in  Arabidopsis:

interaorganelle location and expression.  Plant

Cell Physiol., 47, 43-54.

Finnegan P.M, Soole K.L. and Umbach A. (2004)

Alternative  mitochondrial  electron  transport

proteins in the higher plants. In Day D.A., Millar

A.H. and Whelan J. (ed.),  Plant mitochondria:

from  genome  to  function.  Dordrecht:  Kluwer

Academic Publishers, 163-230.

Fiorani F., Umbach A.L., Siedow J.N. (2005) The

alternative  oxidase  of  plant  mitochondria  is

involved in the acclimation of shoot growth at

low  temperature.  A  study  of  Arabidopsis

AOX1a transgenic plants.  Plant Physiol.,  139,

1795–1805.

Golovko  T.K.  (1999)  Dykhanie  rasteniy

(fiziologicheskie  aspekty).  SPb.:  Nauka  [In

Russian], 204 s.

Garmash  E.V.,  Grabelnych  O.I.,  Velegzhaninov

I.O.,  Borovik  O.A.,  Dalke  I.V.,  Voinikov  V.K.,

Golovko  T.K.  (2015)  Light  regulation  of

mitochondrial  alternative  oxidase  pathway

during greening of  etiolated wheat  seedlings.

J. Plant Physiol., 174, 75-84.

Grabelnych  O.I.,  Borovik  O.A.,  Tauson  E.L.,

Pobezhimova T.P., Katyshev A.I., Pavlovskaya

N.S.,  Koroleva  N.A.,  Lyubushkina  I.V.,

Bashmakov V.Yu., Popov V.N., Borovskii G.B.

and Voinikov V.K. (2014) Mitochondrial energy

dissipating  systems  (alternative  oxidase,

uncoupling  proteins,  and  external  NADH

dehydrogenase)  are  involved  in  development

of  frost-resistance  of  winter  wheat  seedlings.

Biochem. (Moscow), 79, 506-519.

Grant N.M., Miller R.E., Watling J.R. and Robinson

S.A.  (2008)  Synchronicity  of  thermogenic

activity,  alternative  pathway  respiratory  flux,

AOX  protein  content,  and  carbohydrates  in

receptacle tissues of sacred lotus during floral

development. J. Exp. Bot., 59, 705-714.

Gulick P.J., Drouin S., Yu Z., Danyluk J., Poisson

G.,  Monroy  A.F.,  Sarhan  F.  (2005)

Transcriptome comparison of winter and spring

wheat  responding  to  low  temperature.

Genome, 48, 913-923.

Jacoby R.P., Li L., Huang S., Lee C.P., Millar A.H.

and  Taylor  N.L.  (2012)  Mitochondrial

composition,  function  and  stress  response  in

plants. J. Int. Plant Biol., 54, 887-906.

Li C.-R., Liang D.-D., Li J., Duan Y.-B., Li H., Yang

Y.-C., Qin R.-Y., Li L., Wei P.-C. and Yang J.-

B. (2013) Unravelling mitochondrial retrograde

regulation in the abiotic stress induction of rice

ALTERNATIVE OXIDASE 1 genes. Plant, Cell

and Envir., 36, 775-788.

Korsukova  A.V.,  Grabel'nyh  O.I.,  Borovik  O.A.,

Dorofeev  N.V.,  Pobezhimova  T.P.,  Vojnikov

V.K.  (2016)  Vliyanie  obrabotki  semyan

tebukonazolom  na  soderzhanie  saharov  i

morozoustojchivost  ozimoj  pshenicy  i  rzhi.

Agrohimiya [In Russian], 7, 52-58.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY  Vol. 12  No. 4  2016

47



Borovik and Grabelnych

Lowry O.H.,  Rosebrough N.J.,  Farr A.L.,  Randall

R.J. (1951) Protein measurement with the folin

phenol reagent. J. Biol. Chem., 193, 265-275.

Mizuno N., Sugie A., Kobayashi F. and Takumi S.

(2008)  Mitochondrial  alternative  pathway  is

associated  with  development  of  freezing

tolerance in common wheat.  J. Plant Physiol.,

165, 462-467.

Møller I.M. (2001) Plant mitochondria and oxidative

stress:  electron  transport,  NADPH  turnover,

and  metabolism  of  reactive  oxygen  species.

Annu. Rev. Plant Physiol. Plant Mol. Biol.,  52,

561-591.

Noguchi  K.  (2005)  Effects  of  light  intensity  and

carbohydrate  status  on  leaf  and  root

respiration.  Plant  Respiration:  From  Cell  to

Ecosystem, Springer, Hamburg, 63-83.

Pobezhimova  T.P.,  Vojnikov  V.K.,  Varakina  N.N.

(1987)  Vliyanie  gipotermii  na  kineticheskie

parametry  suktsinatdegidrogenazy  prorostkov

ozimoij  rzhi.  Fiziologiya  i  biohimiya  kul't.

rastenij [In Russian], 19, 384-389.

Pomeroy M.K. and Andrews C.J. (1975) Effect of

temperature on respiration of mitochondria and

shoot  segments  from  cold-hardened  and

nonhardened wheat  and rye  seedlings.  Plant

Physiol., 56, 703-706.

Ribas-Carbo M.,  Aroca R.,  Gonzalez-Meler  M.A.,

Irigoyen J.J. and Sanchez-Dıaz M. (2000) The

electron  partitioning  between  the  cytochrome

and  alternative  respiratory  pathways  during

chilling  recovery  in  two  cultivars  of  maize

differing  in  chilling  sensitivity.  Plant  Physiol.,

122, 199-204.

Rasmusson  A.G.  and  Wallström  S.V.  (2010)

Involvement  of  mitochondria  in  the control  of

plant Cell NAD(P)H reduction levels. Biochem.

Soc. Trans., 38, 661-666.

Semikhatova  O.A.,  Chirkova  T.V.  (2001)

Fiziologiya  dykhaniya  rastenij.  SPb.:  Izd-vo

S.Peterb. un-ta [In Russian], 224 s.

Shugaev A.G., Lashtabega D.A., Belozerova N.S.,

Generozova  I.P.  (2012)  Metody  vydeleniya

mitokhondrij  rastenij  i  opredelenie  ikh

intaktnosti.  Pod  red.  Vl.V.  Kuznetsova,  V.V.

Kuznetsova,  G.A.  Romanova,  Molekulyarno-

geneticheskie  i  biokhimicheskie  metody  v

sovremennoj biologii. M.: BINOM. Laboratoriya

znanij [In Russian], 448-456.

Skulachev V.P., Bogachev A.V., Kasparinskij F.O.

(2010)  Membrannaya  bioehnergetika:

Uchebnoe  posobie.  -  M.  :  Izdatel'stvo

Moskovskogo universiteta [in Russian], 300 s.

Sluse  F.E.,  Almeida  A.M.,  Jarmuszkiewicz  W.,

Vercesi  A.E.  (1998) Free fatty acids regulate

the uncoupling protein and alternative oxidase

in  plant  mitochondria.  FEBS Lett., 433,  237-

240.

Tan  Y.-F.,  Millar  A.H.  and  Taylor  N.L.  (2012)

Components  of  mitochondrial  oxidative

phosphorylation  vary  in  abundance  following

exposure  to  cold  and  chemical  stresses.  J.

Proteome Res., 11, 3860-3879.

Trunova T.I. (1972) Sakhara kak odin iz faktorov,

povyshayushchikh  morozoustoychivost'

rastenij.  Izvestiya  Akademii  nauk  SSSR.

Seriya  biologicheskaya  [In  Russian],  2,  185-

196.

Tumanov  I.I.  (1979)  Fiziologija  zakalivanija  i

morozostojkosti  rastenij.  M:  Nauka  [In

Russian], 352 s.

Vanlerberghe  G.C.  (2013)  Alternative  oxidase:  a

mitochondrial  respiratory  pathway to  maintain

metabolic  and  signaling  homeostasis  during

abiotic and biotic stress in plants. Int. Mol. Sci.,

14, 6805-6847.

Vanlerberghe  G.  and  McIntosh  L.  (1997)

Alternative  oxidase:  from  gene  to  function.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY  Vol. 12  No. 4  2016

48



Distribution of the Respiratory Pathways...

Annu RevPlant Physiol Plant Mol Biol, 48, 703-

34.

Vojnikov  V.K.  (2011)  Mitoxondrii  rastenij  pri

temperaturnom  stresse.  Novosibirsk:

Akademicheskoe izdanie "Geo"[In Russian], S.

46.

Wagner  A.M.,  Krab  K.,  Wagner  M.J.  and  Moore

A.L.  (2008)  Regulation  of  thermogenesis  in

flowering Araceae: The role of  the alternative

oxidase.  Biochim.  Biophys.  Acta,  1777,  993-

1000.

JOURNAL OF STRESS PHYSIOLOGY & BIOCHEMISTRY  Vol. 12  No. 4  2016

49


