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P ossible  R o le  o f  A lt e r n a t iv e  
R e sp ir a t io n  in  P la n ts

IL  A n n a m a l a i n a t h a n  a n d  J a m e s  J a c o b  

INTRODUCTION

M itochondrial electron  tran sp o rt (MET) in p lan ts  m ay proceed th ro u g h  either the 
cytochrom e p a th w ay  (CP) o r the alternative  pa th w ay  (AP). The cyan ide resistan t 
a lte rna tive  resp ira to ry  pa th w ay  in p lan t m itochondria  is one of the  special fea tu res of 
p lan t resp iration . Trar\sfer of electrons from  N A D H  th ro u g h  the C P is coup led  a t th ree 
sites w ith  the  p roduction  of ATP a t the  ra te  of th ree  m olecules per N A D H . In con trast 
to the  CP, the  A P does n o t con tribu te  to  the  generation  of p ro ton  m otive force beyond 
th a t po in t in MET w here  the tw o pa th w ay s bifurcate. The AP shares electron  from  the 
ub iqu inone pool w ith  the C P an d  bypasses tw o o u t o f the  total th ree  phospho ry la ting  
sites (Lam bers 1980). Therefore, 65% energy  o f the  electron rem ains u n co u p led  in the 
A P (M oore an d  S iedow  1991). The unu tilised  energy  is d issipated  as h ea t in the  AP. 
The key enzym e responsible for this p a th w ay  o f p lan t resp iration , uncoup led  from  ATP 
synthesis, is a lte rna tive  oxidase (AOX). The AOX pro te in  is found in every  exam ined 
p lan t species (V anlerberghe an d  M cIntosh 1997).

T he role of th is enzym e has been  the subject of a g reat deal of specu la tion  in 
m any p lan t species. The only w ell know n function  for the A P is the therm ogenesis in 
aro ids an d  o the r p lan t species w here  heat is p roduced  d u ring  anthesis. T he genera ted  
heat volatilises arom atic com pounds to a ttrac t pollinating insects (Raskin et a i,  1987). 
T hus AP serves a v ital biological function in these species. But w hy A P is p resen t in 
all form s o f p lan ts is an  in trigu ing  question. W hat ro le does it have ?

The enzym e AOX ap p ea rs  to low er the p roduction  of reactive oxygen species (ROS)



in tobacco cells (M axw ell et al.,\999; Yip and  V anlerberghe 2001). It is rep o rted  that 
AP, being an  overflow  pa th w ay  for energy  rich electrons derived  from  m etabolic 
oxidation, m ay  p rev en t over-reduction  o f the MET (R ibas-Carbo et al., 2000). H ow ever, 
the  functional ro le of AOX in cellu lar m etabolism  is y e t to be estab lished  in m any  plants. 
The scope of the  p resen t rev iew  is to  u n d ers tan d  the  recent developm ents in the  science 
of A P an d  its physiological significance in plants.

ENERGY TRANSDUCTION

The A P has been generally  considered  as a w astefu l process, because it is no t 
involved in the  p roduction  o f ATP. H ow ever, som e are  of the opin ion  th a t this pa thw ay  
is linked to energy  tran sd u c tio n  (W ilson 1980). T he first h in t th a t the  low  y ie ld  o f ATP 
in cyan ide resis tan t m itochondria  w as n o t d u e  to  inefficient process o f oxidative 
phosphory la tion  itself b u t to the  occurrence o f a  non-phosphory la ting  electron  tran sp o rt 
pathw ay  w as rep o rted  by H ackett et al. (1960). T he non -phosphory la ting  n a tu re  of this 
pathw ay  w as d em o n stra ted  by using  specific inhib itors nam ely  salicylhydroxam ic acid 
(SHAM ) an d  po tass ium  cyan ide  (KCN) or an tim ycin  A. T he ad d itio n  of C N  or antim ycin  
A causes d iversion  o f electrons th ro u g h  the  A P resu lting  in m arked  decline in the 
efficiency o f phospho ry la tion  an d  ATP production . O n the o ther h and , the  ad d itio n  of 
an inhib itor o f A P considerab ly  increases the  efficiency of oxidative phosphory la tion  
by d iverting  th e  electrons to  the  phosphory la ting  C P (Passam  1974). Early s tud ies like 
these d em o n stra ted  th a t p ro d u c tio n  o f ATP associated w ith  MET w as n o t the  m ain 
function of AP.

THE FUNCTIONAL ORGANIZATION OF THE ALTERNATIVE PATHWAY

It has constan tly  been assu m ed  th a t like the CP, the  AP also sh o u ld  reac t w ith  
oxygen th ro u g h  a  term inal ox idase th a t is now  w ell p ro v ed  an d  know n as alternative 
oxidase (AOX) (E lthon et al., 1989). A.P has been  considered  to  be ex trem ely  short, 
consisting o f very  few  elem ents like ub iqu inone (UQ) an d  the term inal oxidase (Fig. 
1). H o w e v e r ,. som e proposals also have been  m ad e  abou t the existence of som e 
in term ediary  com ponen ts in the  AP. The rate o f a lternative  resp ira tion  is the sam e w ith  
cyanide o r an tim ycin . This fact show ed  th a t the  electron  m u st d iverge to the  A P at 
a po in t located  before the site o f antim ycin  in o ther w o rd s  before the com plex III in 
CP. T he UQ, a sm all hydrophob ic  m olecule has been recognised as a branch  po in t of 
th ree pa th w ay s nam ely  the CP, the  AP and  the flavoprotein  pathw ay . It has been 
dem onstra ted  th a t U Q  is reoxid ized  if a  pulse of oxygen is g iven in anaerobic 
m itochondria sam ple. F urther the reoxidation is strong ly  inh ibited  by SHA M  indicating  
UQ w as a co m p o n en t of the A P (Storey, 1976). R eoxidation of UQ could  have also been 
t>bserved u p o n  g iv ing  a pulse of oxygen to anaerobic m itochondria  of po ta to  in  w hich 
A l' activ ity  w as inh ibited  and  this clearly dem onstra tes th a t U Q  is an electron  carrier 
shared  by  bo th  the  C P  and  the A P (Fig. i). M any early  observations clearly  po in t to 
the fact th a t U Q  plays a central role in both MET pathw ays an d  the flavopro tein  pa thw ay  
and it rep resen ts  the  branch ing  po in t of these three p a thw ays (H uq and  Palm er 1978; 
Si(‘dow  et al 1978). T he U Q  is a sm all m olecule con tain ing  10 isoprem* units (50 C) 
rtfid have enough  length  of 56 A to strol( h across the  inner m itochondrial m em brane 
(I rum pow er 1981). T he .*\OX is located on the ou te r su rface of the inner m itochondrial 
«n«*mbrane.
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Regulation of electron partitioning between cytochrome 
and alternative oxidase

E xperim ental da ta  suggest th a t electron partition ing  betw een the C P an d  A P is 
m o d u la ted  by the reduction  sta te  of the UQ pool a n d  o ther com ponents of MET. T issue 
m aturity , biosynthetic regu la tion  o f AOX protein  com ponents and  redox sta tu s trigger 
activation  o f the  C P via reduction  or m odification of sensor p ro teins (Svensson and  
R asm usson 2001).

Pub lished  data  indicate th a t C P is less active in light than  in darkness, w hereas 
AOX is u p reg u la ted  by ligh t (A tkin et a l, 2000; M illenaar and L am bers 2003). U pon 
illum ination  the activities o f AOX an d  N A D H  dehydrogenase  d ram atically  increase, 
w hich is in  p a r t d u e  to enhanced  pro tein  syn thesis (Svensson and  R asm usson 2001). 
The increase in  AOX activity  in ligh t is n o t only d u e  to the  resu lt of enhanced  biosynthesis 
b u t also from  the  activation of the  enzym e (Fig. 2) th a t occurs via th e  reduction  of the
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disu lfide bond present in the AOX hom odim er ((Jm bach and Siodow  2000). T he increased 
expression of AOX in the light could result partly  from  the p roduction  of of 
chloroplastic origin (W agner 1995). A dditionally, it has been reported  th a t the accum ulation 
of carbohydrates d u rin g  active photosynthesis prom otes the engagem ent of A P (Fig. 2) 
(Azcon-Bieto 1992).

R egarding the  activity  of AOX, AOX capacity and  AOX engagem ent have to be 
d istingu ished  (M cD onald et a i, 2002). The AOX capacity  in p lan t cells or tissue can 
be m easured  by the  add ition  of a CP inhibitor (such as C N  or an tim ycin  A) follow ed 
by the add ition  of an AOX inhibitor (such as SI lAM). The capacity is generally  defined 
as the C N -resistan t (bu t SHAM  sensitive) O^ uptake. T hus the capacity  of AOX is a 
m easure of m axim um  possible flux of electrons to AOX. The engagem ent of AOX is 
a m easu re  of the actual flow of electrons th rough  AP, in the  absence of any  inhibitors. 
It can be m easured  by using  the  oxygen isotope discrim ination  techn ique (G uy and  
V anlerberghe 2005). A n online ’*0 isotope discrim ination  s tu d y  dem on stra ted  th a t the 
m etabolic conditions inheren t to a particu lar grow th  condition  an d  biochem ical regulatory  
properties of AOX are  critical factors th a t control the electron partition ing  betw een  CP 
and  A P (G uy and  V anlerberghe 2005). Interestingly, they  have found  th a t tem pera tu re  
an d  w ate r s ta tu s are  param eters  th a t have influence over AOX engagem ent.

BIO CHEM ISTRY  O F  ALTERNATIVE OXIDASE

Plant AOX exists in the ou ter surface of the inner m itochondrial m em brane as 
a less active hom odim er th a t is covalently linked via d isu lfide b ridges o r as a m ore 
active non-covalently  linked reduced  hom odim er (U m bach et a i,  1994). It has been 
proposed tha t N A D PH  arising from  m alate or isocitrate dehydrogenase activity contributes 
to the reduction  sta te  of the AOX. A dditionally , AOX activity w as show n to be induced  
by increasing the U Q  pool size (Dry et a i, 1989). Tw o AOX pro te in  b ands have been 
identified  in im m unoblo ts of m itochondria from  various o rgans of soybean  w ith  ap p aren t 
m olecular m asses of 34 and  36 kD a (Kearns et a i, 1992). T anudji et a i  (1999) have 
repo rted  m ultip le  AOX bands in various soybean tissues. The enzym es a re  deno ted  as 
A O X l, AOX2 an d  AOX3. The m atu re  form s of A O X l, AOX2 a n d  AOX3 pro te ins have 
280, 277 an d  277 am inoacid  residues w ith  pred ic ted  m olecular m asses o f 32.2, 31.8 and  
31.7 kDa, respectively  (F innegan et a i, 1997). All sequencing da ta  show ed  highly  sim ilar 
po lypep tides in m any plants. T he general conserved sequences include tw o possible 
alpha-helical m em brane  spann ing  region, a surface exposed alpha-helix  an d  N  an d  C- 
term inal hydrophilic  regions (V anlerberghe and  M cIntosh 1997). It ap p ea rs  th a t increase 
in AOX protein  generally  parallels w ith  an increase in  A P activity. T he AOX protein  
and  m RN A  all increased  d u rin g  the ripening process in m any fru its (C ruz-H ernandez 
and  G om ez-L im  1995).

A LTERNATIVE O XID A SE G EN E EXPRESSION

M onoclonal an tibod ies raised against the AOX of Sauromatiim gutta tum  w ere  used 
to isolate a cD N A  clone know n as Aox 1, encoding  a 42 kD a pro te in  (E lthon et ai, 
1989). In Hansenula anomala an  Aox 1 clone w as isolated on  the basis of transcrip t 
abundance  afte r ad d itio n  of KCN or antim ycin A (Sakajo et a/.,1991). T he Aox 1 DNA 
clones have been isolated from  a num ber of plants including  tobacco, soybean  an d  m ango



(V anlerberghe an d  M cIntosh 1997). All Aox genes sequenced  to d a te  encode  a highly 
sim ilar po lypep tides. Aox gene expression  can specifically be altered  th ro u g h  genetic 
transfo rm ation  in tobacco (V anlerberghe et a\., 1994), po ta to  (H iser ei al., 1996) and  
soybean (F innegan et al., 1997). T he Aox genes w ere  in troduced  in  bo th  sense  and  
an tisense o rien tations u n d er CaM V  35S control. Sense p lan ts  w ith  overexpression  of AOX 
p ro te in  an d  m RN A  ab undance  w ere  observed  in tobacco tubers an d  leaves b u t antisense 
p lan ts w ith  drastically  low ered  AOX w ere  no t isolated (H iser 1996). H ow ever, a  com plete 
silencing of AOX expression by an  an tisense transgene w as achieved  in  tobacco cells 
(V anlerberghe et al., 1994).

AOX has p ro v ed  to  be  a  u sefu l p ro te in  w ith  w hich  to s tu d y  the  regu la tion  of 
resp ira to ry  gene expression  because it functions as a single gene p ro d u c t an d  also 
resp o n d s  read ily  to  m any en v ironm en ta l conditions. T he AOX expression  ap p ea rs  to 
be regu la ted  by catabolite rep ression  an d  ROS (M cIntosh et al., 1998). T he m essage for 
gene expression  could  involve ROS th a t orig inate from  high  reduction  levels of the  U Q  
pool in  th e  ligh t, p robab ly  in d u ced  by  pho to resp ira to ry  N A D H  an d  accum ula tion  of 
ox idative substra tes  like p}niivate a n d  succinate. Both the  PQ  in ch lo rop last an d  U Q  
pool in m itochondria  m ake good  sensors of the  redox sta te  of the  M ET d u e  to  their 
central location  an d  function.

In soybean , AOX is encoded  by  a  fam ily of th ree  genes (W helan et al.,1996; T anudji 
et a l, 1999). M ultigenic encod ing  w as also  repo rted  in rice (Ito et a i, 1997) an d  Arahidopsis 
(Saisho et a i, 1997). The expression  o f ind iv idual gene in  soybean is reg u la ted  by tissue 
specific factors an d  env ironm enta l stim uli. AOX 1 has been detected  in appreciab le 
am oun ts  in  cells trea ted  w ith  an tim ycin  A. AOX 2 is rep o rted  in pho tosyn the tic  tissues 
an d  AOX 3 seem s to be constitu tively  expressed  in all tissues except in  roo t nodules 
(M cCabe et al., 1998; T anudji et a l, 1999; D jajanegara et a l, 2002). It h as  been  rep o rted  
th a t m u ltip le  pathw ays exist in  soybean  to regu la te  expression  o f A ox genes an d  Aox
1 specifically in d u ced  by a  varie ty  of stress an d  m etabolic cond itions like low  
tem f>erature, oxidative stress, incubation  w ith  an tim ycin  A, citra te  o r salicylic acid  etc. 
A ltering  th e  electron flow  by th e  a d d itio n  of an tim ycin  A to tobacco su sp en sio n  cells 
increased  th e  levels o f AOX 1 m R N A  (V anlerberghe an d  M cIntosh 1994). H^O^, an  ROS 
inducer also h ad  a positive effect on  th e  expression of the  AOX gene in Petunia hybrida 
cells (W agner 1995).

PO SSIBLE PH Y SIO LO G IC A L RO LE O F A LTERNA TIV E PATHW AY 
O F R ESPIR A TIO N

(a) Modulate the reduction stale of MET components and ATP production
A ny m etabolic condition  th a t leads to  accum ulation  of e ither red u ced  UQ, 

m itochondria l N A D H , cytosohc N A D PH  or py ru v a te  has the po ten tial to  increase 
electron flow  to AP. Increased electron flow  to A P is expected  w hen there  is an  im balance 
l)(?tween the  resp irato ry  carbon metaboli.sm an d  dow nstream  electron tran sp o rt th rough  
<■ P . Therefore, the  m ost general function of AOX m ay be to balance carbon m etabolism  
and  regu la te  the  electron tran sp o rt (V anlerberghe an d  M cIntosh 1997). T he M ET rate 

ad ju sted  rap id ly  via activation  of AOX. This m ay be a m echanism  to p rev en t ove»- 
reduction  o f resp irator)' chain  com ponents (W agner and  Krab 1995). AOX m ay act tr*



sh u n t electrons from  reduced  UQ w hen C P is sah ira ted  w ith  electrons o r restric ted  by 
the availability  of ADP. W hen cytosolic ATP dem and  and  ADP availability  are  low, 
AOX activity is likely to play a role in w hich thi? reducing  equivalen ts can be oxidized 
w ith o u t ATP production  (Lam bers 1985). The <’ngagem en t of AOX is m ainly  in  o rd er 
to regu la te  the redox state and  avoid  too high levels o f reducing  equ ivalen ts in the 
cells (Day and  W iskich 1995).

P y ruvate  accum ulation  also could  activate AOX. A transgenic p lan t lacking AOX 
show ed  p roduction  of large quan tities of ethanol in cell cu ltu re  (V anlerberghe et a i,
1994). This aerobic ferm entation is the resu lt of a large accum ulation  of py ru v a te  in 
the cells. Therefore, activity of AOX seem s to  be essential for the m aintenance of a  balance 
betw een carbon m etabolism  an d  electron transport.

A n im p o rtan t function of A P is to stabilize the  reduction  sta te  of the  U Q  pool 
(Q r/Q t, ie ratio  o f reduced  UQ to to tal UQ). If the A P is blocked m th  inh ib ito r SHAM , 
then Q r /Q t  ratio  w ill be less stab le (M illenaar et a i, 1998). By stabiliz ing Q r /Q t  ratio  
an  increase in the p roduction  o f free radicals an d  ferm entation  p ro d u c ts  can  be 
preven ted . In th is w ay  po ten tial cell dam age is p reven ted  (Juszczuk et ah, 2001). The 
increase of A P ra te  can d am p en  to  som e ex ten t the generation  o f ROS, w hich 
accom panies h igh  ra te  of respiration.

(b) Nutrient uptake
Inorganic phosphate  (Pi) u p ta k e  across the p lasm a membreme is an  energy 

d ep en d en t process operated  by a  p ro to n /P i sym port m echanism . Plants w hich have been 
g row n  u n d e r P lim iting conditions d isp layed  an  enhanced  capacity for Pi u p take  
(M uchhal an d  R aghotham a 1999) an d  this rap id  up take  w as accom panied by a d ram atic 
increase of resp ira to ry  Oj consum ption  indicating the add itional energy d em an d  required  
to  su p p o rt increased  H* ATPase activity  (W eger 1996). The increase in u p ta k e  rate 
is d u e  to enhanced  activity  of bo th  C P  an d  A P (Sakano 1998).

G iven the  non-phosphory la ting  n a tu re  o f AOX resp ira tion  it has been suggested  
th a t elim ination  of AOX m ight increase crop  yield  (G ifford et a i, 1984). T he arg u m en t 
is sim ilar to the one abo u t pho to resp ira tion  (O sm ond et a i,  1997). But s tud ies by Sakano 
(1998) an d  Yip a n d  V anlerberghe (2001) have p resen ted  hypothetical functions of AOX 
as a p a rt of a  p H -sta t d u rin g  p eriods of rap id  cytosolic acidification. T he role of AOX 
is m ore relevan t d u rin g  periods o f rap id  changes in to tal d a rk  resp iration  ra te  th a t occurs 
to su p p o rt rap id  n u trien t up take. T he activity of AOX allow ed  high  rates of resp iration  
d u rin g  pho sp h ate  u p tak e  w ithou t large increase in U Q -pool reduction  thereby  dam pen  
to som e ex ten t the  generation  of ROS (M illar et a i, 1998).

(c) Drought and oxidative stress
In n a tu re  p lan ts are  subjected to  m any form s of env ironm ental stresses. T he abiotic 

stresses such as ex trem es of tem pera tu re , d rough t, pollutions, etc an d  biotic stresses 
such  as pathogen  invasion, herb ivory , parasitism  etc are  com m on in various agro-clim atic 
regions. A t the  cellu lar an d  m olecular levels a com m on feature of stress is the  form ation 
of free rad icals an d  ROS - s trong  oxidants th a t can cause significant dam age to 
m em branes a n d  v ita l m olecules like D N A  and proteins. I t is f>ossible to u n d ers tan d



the influence of environm ental stress from  respiratory  m etabolism  before the  p lan t show s 
visible sym ptom s (Smith et aL, 2000).

Aox 1 gene expression is rep o rted  to  be altered  by reactive oxygen species (ROS) 
such as superox ide , hydroxy l radical. T here is a hypothesis th a t ROS can erJiance 
the expression  of Aox genes (V anlerberghe an d  M cIntosh 1996). The genera tion  of 
harm ful ROS is a natu ra l consequence o f m etabolism  in an  aerobic env ironm ent. They 
act as signals regu la ting  the expression  of a range of genes (Schreck et ah, 1991).

K um ar an d  Sinha (1994) have exp lained  the possible role of A P in tem p era tu re  
rise in w a te r stressed so rghum  plants. R ibas-Carbo et al., (2005) have recently  s tu d ied  
the effect o f th ree  d ifferent levels of w a te r stress on the  activity  of AOX. U nlike m any 
o ther stresses, w ater stress d id  n o t affect the levels of m itochondrial AOX protein . They 
have show n th a t severe w ater stress caused  a significant sh ift of electrons from  the  CP 
to the AP. T he electron partition ing  th rough  the A P increased from  12% u n d e r well- 
w atered  conditions to nearly  40% u n d e r severe  w ater stress. C onsequently , th e  calculated  
ra te  of m itochondrial ATP syn thesis decreased  by 32% u n d e r severe w ate r stress. It has 
been rep o rted  th a t add ition  o f 25 nM  antim ycin to  soybean cell su sp en sio n  caused  a 
d ram atic  increase of in tracellu lar ROS (Djajanegara et al., 2002). C lear over-expression 
of AOX in soybean  w ild-type p lan ts  experiencing w ater stress has been  repo rted  (Ribas 
C arbo et a l, 2005; A nnam alaina than  et a l, 2006) and  it w as likely th a t d ro u g h t m ediated  
im pairm en t of electron tran sp o rt th rough  C P lead to  d iversion  of m ore electrons to AP. 
F urther the  cyt-c activity w as inh ib ited  by antim ycin  A an d  this led  to d iversion  of 
m ore electrons th rough  A P as an  'overflow ' m echanism  to oxidise the  excess N A D H . 
This can lead to  stabilization o f the  U Q  pool an d  preven tion  of excess ROS generation  
in m itochondria  (Ribas-Carbo et a l ,  2000).

T he level of AOX p ro te in  in  a  tissue can  change in  response to  d ifferen t g row th  
conditions. Increased levels of AOX m ay be a response to abiotic stresses (Bartoli et 
a l, 2005; N oguchi et a l, 2005). H igher AOX biosynthesis by up -regu la tion  of Aox genes 
enhances pho tosynthetic  electron  tran sp o rt (PET) ra te  u n d er d ro u g h t conditions (Baftoli 
et a l, 2005). To dem onstra te  the expression pa tte rn  of AOX protein  u n d e r  d ro u g h t stress
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Fig. 3 : The alternative oxidase protein (AOX) of mitochondiiali preparations detected 
by the AOX monoclonal antibody. The two isoforms of AOX (34 and 36 kDa) 
and their relative abundance are indicated. Soybean plants were subjected to 
various levels of drought stress. Lane a: well irrigated control plants, lanes b 
and c: partial and severe drought imposed plants, respectively. Mitochondrial 
protein of 40 jig was loaded uniformly in each lane. The relative abundance 
of the protein was calculated baaed on the value for control plant as 100%



condition, an experim ent w as conducted  willi well irrigated  an d  d ro u g h t stressed 
soybean plants. T he level of w ater stress (by w ilhho ld ing  irrigation) w as characterized 
in term s of ligh t-saturated  stom atal conductance ) : well irrigated  {g  ̂ > 0.2 m ol H jO  
m'^ s^’), m ildly or 50% w ater stressed  betw een 0.1 and  0.2 m ol H jO  m'^ s ') and 
severely w ater stressed  < 0.1 m ol H^O m"^ s '). M itochondria w ere isolated  from  0, 
50 an d  100% w ater stressed plan ts and  subjected to im m unoblo t w ith  AOX antibodies 
(Fig. 3). C om pared  to the ur\stressed plan ts the  50 an d  100% w ater stressed  plants 
recorded  27 an d  31% increase of AOX pro tein  abundance, respectively (A nnam alainathan  
et a l, 2006). This particu lar s tu d y  dem onstrates the probable role AOX over-expression 
u n d er d ro u g h t condition. The A P plays an im po rtan t role of bypassing  the electron 
transpo rt w hen  the norm al activity of the CP is restric ted  or im paired  by any 
stress or o ther cellu lar param eters w hich are no t conducive for the no rm al functioning 
of C P (W agner an d  Krab, 1995; Yip and  V anlerberghe 2001; A nnam alaina than  et al, 
2001).

Transgenic p lan ts w ith d ifferen t levels o f AOX expression is a ve ry  convenient 
system  to test the  functional role of a lternative respiration. Transgenic soybean  plan ts 
w ith  reduced  AOX expression w ere used  to test the  hypothesis th a t A P functior\s as 
a p ro te c tiv e  m e ch an ism  d u r in g  th e  leaf tissu e  ex p e rien c in g  o x id a tiv e  s tress  
(A nnam alainathan  et a l, 2006). This pa thw ay  is probab ly  p reven ting  the  over-reduction  
of electron  tran sp o rt com ponents in  m itochondria an d  thereby avoids the  p roduction  
of excess ROS an d  thus even tually  protects the m em branes from  oxidative dam ages 
d u rin g  env ironm enta l stress conditions.

(d) Chilling stress
Som e stud ies show  tha t low  tem pera tu re  increases the  am oun t eind activ ity  of the 

AOX in p lan ts  (S tew art et a l, 1990; G onzalez-M eler et a l,  1999). The po ten tia l for AP 
to am elio rate  chilling stress has been explained  based  on the d issipation  of excess energy 
as heat w h en  th is pa th w ay  is active (Purvis and  Shew felt 1993; R ibas-Carbo et a l, 2000). 
The levels o f AOX an d  rates of A P increase w hen exposed to low tem pera tu re  in tobacco 
cultures, m aize  seedlings, m atu re  leaves of m ung  beans an d  pea (Vanlert>erghe and  
M cIntosh 1992, G onzalez-M eler et a l, 1999). C hilling stress causes photo-oxidative 
dam age u n d e r  illum inated  conditions by increasing the form ation of harm fu l ROS (Wise
1995). It h as  been  postu la ted  th a t the AP can stabilize the reduction  state of the UQ 
pool w hen  the  cytochrom e pathw ay  is im paired  d u rin g  chilling stress an d  d am p en  the 
generation  of ROS (M illenaar et a l, 1998; R ibas-Carbo et a l, 2000).

(e) Pathogenesis
C N -resistan t A P w as s tud ied  in  Arabidopsis d u rin g  infection w ith  Pseudomonas 

syringae (Sim ons et a l, 1999). Total leaf resp iration  increased as the leaves becam e 
necrotic. The pathogen  rap id ly  induced  AOX mRNA. Further, the increase in  mRNA 
has been  corre la ted  w ith  the increase in  AOX pro te in  an d  increased expression  o f AOX 
w as confined to the infected leaves. It has been estab lished  tha t the rap id  induction  of 
AOX w as associated  w ith necrosis an d  production  o f ethylene. T here w as increased 
py ru v a te  level also in the infected leaves w hich suggested  th a t increased substra te  levels 
w ere resp ired  th rough  AP. Salicylic acid (SA) is know n to induce A P by activating



expression of the  Aox gene (Xie an d  C hen 1999). It h as  been rep o rted  th a t salicylic acid 
analogues w hich  are capab le of inducing  pathogenesis-re la ted  genes confer enhanced  
disease resistance also. G iven  the  recently dem o n stra ted  roles of m itochondria  in p lan t 
disease resistance, the invo lvem en t of AOX, a t least in  p a r t th ro u g h  the  m etabolic 
alteration  in p lan t defence responses can no t be ru led  out. A dditionally , the  invo lvem en t 
of m itochondrial functions an d  m odulations of the  rates of C P  an d  A P d u rin g  
p rog ram m ed  cell d ea th  in  p lan ts  suggest the possib le ro le o f AOX in p lan t d isease 
responses (Robson and  V anlerberghe 2002).

(f) Photosynthesis
In pho tosyn the tic  cells, the  cap tu re  of ligh t by th e  photosystem s in  the  ch lorop last 

leads to th e  tran sp o rt of electrons th rough  an  a rray  o f redox com ponen ts an d  resu lts 
in the p roduction  of ATP an d  N A D PH  in the chloroplast. T he p red o m in an t electron 
tran sp o rt p a th w ay  inside th e  ch lo rop last is non-cyclic an d  resu lts in  th e  reduction  of 
N A D P by ferredoxin-N A D P oxido-reductase to N A D PH . L ight exerts a  con tro l on  the 
pho tosyn the tic  process an d  enzym e activities inc lu d in g  a nu m b er o f enzym es of the 
C alvin  cycle. Light also has a m ajor role in  the  regu la tion  o f gene expression 
(Pfarm schm idt et ah, 2003).

In g reen  cells m itochondrial resp iration  is of m ajor im portance bo th  in the  ligh t 
and  d ark . O x idative  p h o sp h o ry la tio n  in m itochondria  is necessary  to  op tim ise  
pho tosynthetic  m etabolism  in ch lorop last as the form er is needed  to  balance cellular 
energy  an d  redox status. A ny inhib ition  of m itochondrial ATP syn thase  o r oxidative 
phosphory la tion  results in  p artia l inhibition of pho tosyn thesis in pea (K rom er et al 1988). 
Evidence h as  been also p ro v id ed  to  show  the  m itochondrial response in ligh t th rough  
the dissipation of excess photo-reductan ts (Padm asree and  R aghavendra 1999; Igam berdiev 
et al., 2001; Lis an d  A tteia 2004). T he redox state has an  im p o rtan t ro le in  th e  m etabolism  
of both ch loroplasts and  m itochondria. Light generates redox signals in the  ch loroplasts 
th a t can be  exported  to cytosol an d  m itochondria  th ro u g h  redox  shuttles. T he A T P / 
N A D PH  ratio  can  also be regu la ted  an d  balanced by expo rt of N A D PH  from  the strom a 
to the cytosol. N A D PH  carm ot cross the  m em branes directly, it  m u st be tran spo rted  
via shu ttle  system s.

Photosynthetic efficiency decreases w hen p lan ts are exposed to ligh t intensities 
h igher than  w h a t is necessary for norm al m etabolism . This phenom enon  know n  as 
pho to inhib ition  is d u e  to the over-reduction  o f the  p h o to sy n ^ e tic  e lectron  tran sp o rt 
com ponents (PETC) causing the  inactivation of the PS II reaction  centre. Pho to resp ira tion  
is l>e!ieved to  be a redox  sink  regu la ting  th e  A T P /N A D P H  ratio . T herefore , 
pho to resp ira tion  ap p ea r as an  energy  sink to avoid  the  over-reduction  of the PETC and  
con tribu tes to the p reven tion  of photoinhibition . In Chlamydomonas pho to inh ib ition  w as 
increased w hen  the cells w ere incubated  in the presence of cyt-c inh ib ito r (KCN or 
an tim ycin  A). The photo inhib itory  recovery ra te  w as also slow er in these cells (Singh 
et al., 1996). T he AOX pathw ay  is likely to play a role in the preven tion  of pho to inhib ition  
of pho tosynthetic  ap p ara tu s  by oxitii/Jng the  reducing  equ ivalen ts w ith o u t ATP 
production  (Lam bers 1985). Export of rh lo rop lastic  N A D PH  through  the m alate  valve 
and D H A P via the phosphate  translot .uor on the ch lorop last m em brane p ro d u ce  m ore



N A D PH  in the  cytosol. It has been p roposed  tha t oxidation  of cytosolic N A D PH  and 
u tilization o f excess m itochondrial N A D H  throuj^h AOX pa th w ay  m ay pro tec t green 
cell from  photo inhib ition  (Lis and  A tteia 2004).

O xygen consum ption  in leaves of various p lan ts w as found  to be u p  to 3.5 fold 
h igher in the ligh t than  in the dark  (Padm asree et a l, 2002). It has been exp lained  that 
this in p a rt is d u e  to the  oxidation of pho to resp ira to ry  N A D H  via tfie AP. In agreem ent 
w ith  this, it  has been  reported  th a t AOX increased substan tia lly  in m atu re  leaves u n d er 
pho to inhib itory  conditions (Lennon et a l, 1995). In add ition , by im m unoblo t analysis, 
AOX w as detected  in illum iiuited m atu re  an d  senescent p o ta to  leaves b u t could  not 
be detected  in d a rk  trea ted  leaves (Svensson and  R asm usson 2001). In soybean, 
significant increase in Aox 2 m RN A  w as repo rted  w hen  the  etiolated leaves w ere 
transferred  to  light. This explains a possible role of ligh t in the  transcrip tional regulation  
of AOX p ro te in  synthesis (Finnegan et a l, 1997).

SIG NinCA N CE OF ALTERNATIVE RESPIRATION IN RUBBER PLANTS

N atu ra l ru b b er (Hevea brasiliensis) o r pa ra  rubber tree  is a perenn ial tree  crop. 
It is the  source  o f 95-98 percent of the  n a tu ra l rubber p rod u ced  th ro u g h o u t the  w orld. 
Hevea is p lan ted  in over 20 countries stretch ing  from  countries in South  E ast A sia to 
Ivory C oast in  A frica an d  som e parts  o f C entral an d  South  A m erica, w ith  an  estim ated  
cultivated  a rea  o f 9 m illion hectare (ISRG 2006).

N atu ra l ru b b er latex is th e  cy toplasm  of sjjecialized tissues called  laticifers, w hich 
are  o rien ted  in the  bark  tissues o f the  tree. T app ing  is a  system atic w o u n d in g  process 
of th in  shav ing  o f the soft bark  tissue. U non tap p in g  laticifers a re  cu t opened  an d  thej' 
expel latex. Latex contains 25-35% rubber as sm all particles su spended  in a serum  
together w ith  5-6% non-rubber substances like proteins, acids, salts, sugars, oils, resins 
etc. T he rem ain ing  m ajor com ponent is w ater (d 'A uzac  a n d  Jacob 1989). In ta p p ed  trees 
there  is a partition  of cart>on assim ilates betw een tw o im p o rtan t physiological process, 
nam ely , g row th  o f the tree  and  rubber biosynthesis. T he percentage of allocation for 
these tw o processes is a clonal character (Tem pleton, 1968). Such a  partition ing  process 
is no t w arran ted  in an  u n tap p ed  tree (except for a  m ain tenance factor) w ith  sm all am oun t 
o f latex in the ir latex vessels w hich is no t harvested . Therefore the b iom ass of an 
un tap jjed  tree  is significantly larger th an  th a t o f a  ta p p ed  tree of sim ilar age. 
A dditionally , tap p in g  causes loss o f pho tosyn tha tes th ro u g h  increased m ain tenance 
resp ira tion  w hich  can  also have a  bearing  on  the biom ass o f the  trees. It has been reported  
th a t m ain tenance resp ira tion  w as generally  h igh  in  tissues w ith  high m etabolic activity 
(Szaniawski, 1981).

T app ing  resu lted  in enhanced  resp irato ry  activity  (A nnam alainathan  et fl/.,1998). 
The soft bark  tissue  resp iration , inc lud ing  C P and  A P rates w ere  h igher in  ta p p ed  trees 
than  u n ta p p ed  trees (A nnam alainathan  et a l,  2001). The A P m ediated  oxygen up take 
significantly increeised d u e  to tapp ing . T he increased ra te  of AOX recorded  in the tapped  
tree could  be exp lained  by w o u nd-induced  stim ulation  o f AOX. In ano ther s tudy , the 
resp irato ry  ra te s  w ere  meeisured in  iso la ted  m itochondria  from  soft-bark tissue o f tapped  
an d  untapp>ed trees. N A D H  w as used  as a substra te  for m itochondrial electron  transport 
reactions. T he N A D H  d ep en d a n t to tal resp iration  ra te  w as significcmtly h igher in  tapp>ed



trees. T he AI’ m ed iated  oxygen u p tak e  also significantly  increased d u e  to tap p in g  (Fig 
4). T he po ten tia l o r m axim um  capacities of C P  and  A P w ere  m easu red  w ith  the ad d itio n  
of A D P in the presence of ap p ro p ria te  m hibitors of MET chain. T he po ten tia l ra te  of 
AP w as reco rded  in w hich the  C P  activity  w as im paired  (Fig 4). The capacity  is generally  
defined  as the oxygen u p tak e  resistan t to the  cyt inh ib ito r an d  sensitive to  the  AOX

inhibitor.

Respiration in isolated mitochondria
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Fig 4 • Rates of respiration in mitochondria isolated from the soft-bark tissue of 
untapped and tapped trees of Hevea hrasiliettsis. The capacity of AP (AOX) and CP 
(Cyt-c) were assayed by the addition of a CP inhibitor (such as CN or antimycin A) 

followed by the addition of an AP inhibitor (such as SHAM) 
and vice versa, respectively

I t h as  been repoi U'i* th a t Hevea clone R R II105, the  m ost p o p u la r an d  h igh  y ie ld ing  
ru b b er clone in India. hrtS the  highest, percen tage of loss of biom ass in  a  s tu d y  in  w hich 
10 clones w ere  incUuI*^! (A nnam aiainathan  et a i,  1998). T here w as a  d irec t positive 
rela tionsh ip  bet^veon ll'*‘ shoo t biom ass loss (Sethuraj, 1992). The high  rubber
y ield ing  clones w ith  p roportionate ly  m ore tapp ing -induced  biom ass reduction  also had  
increased  rates of activ ity  (unpub lished  data). It could  be exp lained  th a t the
occurrence o f m ore AI’ ^  o f the reasons for the unacco im tab le  biom ass loss 
u p o n  tapp ing . T ap^vd  irees recorded  h igher C P possibly to su p p ly  ad eq u a te  am oun ts 
of A TP for the  e n h a i u v i i  m etabolism , includ ing  rubber biosynthesis.

T he enhanced  rt\spiration fo u n d  in ta p p ed  trees w as rela ted  to the  ex trem ely  high  
concentration  of ATI* u 'p o rted  in latex (A nnam alinathan  et a i,  2001, S reelatha et a i, 
2004). S ignificant quantifiers o f A TP are  lost th ro u g h  the latex an d  th a t m ay have a bearing  
on the  loss of biom ass i»' ** tap p ed  tree (A nnam aiainathan  et a i, 2001). R espiration  stud ies 
w ere carried  o u t in affected by tap p in g  panel d ryness (TPD), a physiological 
d iso rd er affecting rubN'* ^rees. C om pared  to healthy  trees TPD affected trees recorded  
significantly  h igher of resp iration  an d  low er ATP content (K rishnakum ar et a i,



2001). This w as m ainly d u e  to  the increase in the non-phosphory la ting  A P in  the TPF^ 
affected trees. By this w ay the TPD synd rom e in the tapped  bark  tissue seem s to b<- 
analogous to the senescence process of o ther p lan t organs.

C O N C L U D IN G  REM ARKS

The A P in algae and  h igher p lan ts has been generally  considered  as a w asteful 
process b u t m any stud ies show  tha t A P has certain  vital physiological significance. It 
is considered  to be a protective pa thw ay  in  m itochondria akin  to pho to resp ira tion  in 
chloroplast. A P bypasses tw o o u t of the  three phosphory la ting  sites in the  MET and 
hence this m ay be an unsu itab le  -trait for the  overall energy m etabolism  o f the cell. 
H ow ever, AOX m ay have a  protective role d u rin g  envirorunen tal an d  biotic stresses 
as reported  in  m any studies. V arious findings indicate tha t the functional role of AOX 
is tissue an d  organ  specific. If w e elim inate the  expression of AOX by  an tisense technique, 
the p lan ts succum b to d ro u g h t o r o ther abiotic factors m ed iated  ox idative stress. Thus, 
a lternative resp iration , like pho toresp ira tion  m ay be  a  necessary  evil.
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