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Tapping induced changes in respiration rate, biochemical status 
and ATP content in soft bark tissue o f naturaJ rubber plant
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A b stra c t
Various m etabolic changes in the  bark tissue o f  rubber trees under tapping w ere sudied in com parison w ith untapped trees. Dark 
respiration including cytoehrom e-c alternative respiration (A OX) and residual |-espiration rates w crcr increased in soft bark tissue of 
tapped trees. Sim ilar trend in respiration rates w as also observed in isolated m itochondria from tapped treas. In an unopened 
(untapped) tree, the non-phosphorylativ alternative respiration rate was sm aller than trees under regular tapping. The day to day 
m ctabolic changes in tapping panel area in new ly opened trees w ere studied. The rate o f  respiration including AOX was gradually 
increased w hen tapping progressed. The respiratory substrate, sugar conteni, suddenly declined in bark tissue o f  new ly opened trees 
and gradually increased in subsequent tapping days and reached a stable level w ithin two weeks. The ATP contents decreasced 
progressively in the  soft bark tissue after tapping. O n the contrary ATP content steeply increased in the late serum as the lapping 
days p rog reaed . Tapping induced sink dem and and enhanced m etabolic activities in the laticiferous tissue w ere demonstratctl by 
increased levels o f  carbohydrates and proteins in the soft bark tissue and increased ATP and certain polypeptides inthe range o f 62, 
38 and 12 k Da size in latex serum. However, bark tissue was undergoing oxidative stress as evident from the increased levels o f 
m alondialdehyde (M DA) in tapped trees. T he result was discussed in the purview  o f  possible m echanism s involved in unaccountable 
b iom ass loss in tapped trees.
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Introduction

Tapping in Hevea  is a necessary wounding process 
for the harvest o f  crop. The key changes in the lapping 
panel area re increased activities o f  rubber biosynthetic 
enzym es (Jacob e t a i ,  1989) in o rder to recoup the lalex 
syn th esis  th rough  ac tiv a tio n  o f  resp ira to ry  e lection  
transport and ATP production (Chrestin  el uL. 1989; 
A nnam alainathan e ta i .  2001).

W hen virgin trees are freshly opened and tapping 
progresses, the rate o f  respiration in the bark gradually 
increases and the tapping process induces a sink dem and 
for sucrose, which is used as a substrate for respiration 
as w ell as ru b b er b iosyn thesis  (Jacob et a i .  1989, 
A nnam ala inathan  et a i .  2001). In  tap p ed  trees ihe 
e n h a n c e d  b a rk  tis s u e  re s p ira t io n  re s u lts  in h ig h  
concentration o f  ATP in the C-serum  o f  the latex. Regular 
tapping stim ulates latex biosynthesis for which a large 
quantity  o f  ATP m olecules are  required. A posititve  
relationship between lalex ATP and ialex yield was already 
reported (Sreelaiha et a i ,  2004).

T apping stim ulates the  resp ira to ry  rate in the 
laticiferous tissue. T he tapping panel area records higher 
respiration rate than the untapped area o f  the tissue. The 
respiratory activity  on the untapped area o f  ihe tapped 
t re e  is  c o n s e q u e n t ly  h ig h e r  th an  u n tap p e d  tree 
(Annamalainathan et a i ,  1998). 'Ilm s lapping, in addition 
to causing drainage o f  vital resources through latex also 
c a u se s  lo ss  o f  p h o to sy n th a te s  th ro u g h  increased 
respiration which can have a bearing on  the biomass of 
the  irees. Therefore, a tapped tree loses biomass that is 
not realized by its rubber yield. 'I'he exaci reasons for the 
unaccountable biom ass loss in tapped trees are not yet 
studied throughly.

It has been reported  that the cyanide resistant 
aUemalive respiratory pathway is induced in lapped trees 
(A n n a m a la in a th a n  e t a i ,  2 0 0 1 ) . T h is  is  a non 
ph o sp h o ry la liv e  pathw ya, shares e lec tro n  from the 
ubiquinone o f  electron transport chaiji in mitochondria and 
is not coupled to ATP synthesis. Tlie tenninal oxidase of 
this pathw ay is the alternative oxidase (AOX). 'fhe  only
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known funcl.on for this respiratory pathw ay is related to 
the theim ogencsis in the anthesis o f  Aram  fam ily (Raslc 
m d  «/„ 1987). The exact role o f  AOX in plant metabolism 
rem ains uncertain. A few evidences are  accumulating 
that It plays a role in strces averting m ecahnism s by 
m inim izing the generation o f  reactive oxygen spccics 
(R O S ) (P u rv is  a n d  S h e w fe ll, 1993; R o b so n  and  
Vanlcrberghe, 2002). M itoeheondriai electron transport 
chain is a powerful source o f  free radicals in non-green 
tissues. The im plications o f  the AO X pathw ay in tapped 
trees ar not yet clear.

T he present study exam ined the physiological 
changes in bark tissues owing to the tapping process and 
various other factors which are responsible for the tapping 
induced loss o f  biom ass in rubber irees.

M a te r ia ls  a n d  m ethods 

P la n t m a te ria l

Hevea. clone RRII 105, planted during 1988 in 
Rubber R esearch Institute o f  India was selected as the 
experim ental p lant m aterials. Trees were tapped in the Vj 
S d/3 system  and 15 trees were left untapped from 1998 
onwards. Ten trees each from the tapped and untapped 
population w ere random ly selected from a compact area 
for the present study during 2005. Bark samples were 
collected from  just below the tapping cut in the tapped 
trees . L a te x  w a s  sa m p le d  in  the  m o rn in g  hours. 
Corresponding samples w ere collected from the untapped 
trees also.

A cco u n tin g  o f  b iom ass

The shoot biom ass o f  tapped and untapped trees 
was calculated using the Shorrock’s regression model:

W +0.002604 (ShoiTocks ei a l . 1965),

where G is trunk girth (cm) at the height o f  150 
cm from bud union.

Iso lation  o f  m ito ch o n d ria

M ito ch o n d ria  w ere iso lated  from  bark tissue 
according to the m odified m ethods o f  Day et al. (1985). 
Approximately 5 g tissue was powdered in liquid nitrogen 
and then hom ogenized in phosphate buffer (pH 7.5). The 
hom ogenale was filtered through 4  layers o f  miracloth 
and centrifuged for 5 min at 1100 g. The supernatant 
was centrifuged for 20 min at 18000 g and the pellet 
resuspende din 10 ml o f  wash medium  (0.3 M sucrose, 
10 mM  TES, 1 mM  glycine, 7.5) and centrifuged at 
1100 g for 5 m in. T he su p e rn a tan t co llec ted  was 
centrifuged for 20 m in at 18000 g. The mitochondria were 
found as a tight light yellow-brown band at the bottom o f

the tube. The final mitochondrial pellet was esuspendcd 
in wash medium.

R esp ira tio n  assay

a. T issue resp ira tio n

A thin slice (approxim ately 0.5 mm uniform  
thickness) o f  150 mg fresh laticifers enriched inner soft 
bark  tissue was used for the m easurem ent o f  dark 
respiratiion by using a Clarke type oxygen electrode 
(Hansatech, UK) as described by Lambers d  al. (1983) 
and m odified by Annamalainathan el al. (1998), The 
assay electrode chamber buffer (pH 7.2) contained 10 
m.M KJI,PO^, 10 mM X aC l, 2 m.M MgSO.,, 0.1% BSA 
and 100 m.M sucrose.

'I'he cytochrome c (cyt c) and alternative pathways 
o f  respiration were m easured by adding appropriate 
inhibitors. The alternative pathway in soft bark tissue was 
inhibited by incubating the tissue in 3 mM salicyl 
hydroxamic acid (SHAM) for ten minutes as described 
by M illenar et al. (1998). To inhibit cyt c pathway the 
tissue was incubated in a range o f  50 to 500 ^M  K.CX 
and at 500 |iM  o f  KCN maximum inhibition was found. 
The respiration was m easured afte r 10 m in o f  pre- 
incubation with the inhibitors.

b. M itochondria l resp ira tion

For mitochondrial respiratory assay the reaction 
medium contained : 03 M mannitol, 10 mM TES-KOH 
p \ \  7.5, 5 mM ICH,PO,, 10 mM X aC l, 2 mM MgSO, 
and  0 .1%  (w /v ) b o v in e  serum  a lb u m in . A ll the 
measurements were carried out at 25°C. Calibration o f 
the electrode was made by the addition o f  sodium dithionite 
to remove all oxygen in the electrode chamber and the 
oxygen concentration was assumed to be 240 per ml 
o f  water. The maximum alternative respiration (AOX) 
or potential AOX activity was measured by the addition 
o f  cyt pathway inlubitor (antimycin) followed by addition 
o f  AOX inhibtor (salicylic hydroxamic acid). Addition of 
various substrates (electron donors) and efTectors was 
m ade to ensure that the respiration may not be limited by 
substrate supply.

Estim ation  o f  m alondialdchydc (MDA)

The method o f  Health and Packer (1968) was used 
for the estimation o f M DA in bark tissue. Approximately 
300 mg o f  tissue was homogenised in liquid nitrogen and 
added 2.5 ml buffer, in a cold mortar and pestle, followed 
by centrifugation at 8000 g for 20 min. To the supernatant 
1 ml o f  TBA solution (20% (w/v) trichloroacetic acid, 
0,01% (w/v) butylated hydro.xytoluence) was added. The 
samples were vortexed and heated to 95“C for 30 min,
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follow ed fay coolm g on ice for 5 min. The sam ples were 
then spun at 3000 g  for 10 min and absorbances o f  each 
sam ple read at 440 nm , 532 mn and 600 nm , using a 
spectrophotom eter (Shim adzu).

Estimationof total protein

Total poretin content o f  the soft bark tissue was 
extracted in 50 m M  Tris buffer (pH7.4) w ith 2%  SDS. 
Soluble p rotein o f  the bark tissue w as extracted w ith 50 
m M  Tris buffer (pH  7.4) and centrifuged at 10,000 rpm 
for 20 m in. The supernatant was taken for soluble protein 
analysis. Total and soluble proteins w ere quantified by 
the m ethod o f  Low ry et al. (1951).

Estimation of total suggars and starch

Total sugars and starch from  the sof^ bark tissue 
w er extracted in 80 per cent ethanol and estim ated by 
the m ethods after Scott and M elvin (1953) and M eCready 
e ta l.  (1950), respectiely.

Extractioii and estimation of ATP in latex

O ne gram  fresh latex was extracted with 2.5%  
TC A  and m ad upto 10 m l. The solution was filtered using 
W hatm ann No. 1 filter paper and 2 ml o f  filtrate was 
used  fro ATP estim ation. T he samples w ere neutralized 
w ith 0.1 N  K O H  and m ade the volum e upto 10 m l w ith 
30 m M  H epes buffer (pH  7.4).

T h e  A TP c o n te n t  in  la te x  w a s  m e a s u re d  
lum inoetrically (lum inom eter-Stratec Electronic GmbH, 
Brikendfeld, Germ any) as described by  Am alou et al.. 
(1992) using  biolum inescent assay kit (Sigm a FL-AA).

SDS-PAGE analysis of proteins

Fresh latex w as centrifuged at 23,000 g for 45 min 
and C serum  was seperated. Analysis o f  the proteins from 
latex C-serum  w as carried out in 12% SDS-PAGE as 
described by  Laem m li (1970).

Results and Discussion

Tapped and untapped trees o f  the m ost popular 
and high yielding rubber clone, R R II105, w ere analyzed 
fo r  v a rio u s  m e ta b o lic  a c tiv it ie s  and  b io ch e m ic a l 
com position. Tapping was initiated in the tapped trees 
during 1998 and same aged trees (15 num bers) w ere left 
untapped. Both the tapped and untapped trees were 17 
years old w hen the experiments were carried out. The 
sho o t b iom ass accum ulation  o f  u n tapped  trees was 
significantly higher than tapped (Table 1). A fter seven 
years o f  tapping, the trees lost around 34%  o f  biom ass as 
com apred to untapped trees. W hen an untapped tree 
recorded around 673 kg o f  dry shoot weight, the tapped 
tree had only 435 kg. The loss o f  biom ass in a tapped

tree w as reported tobe high even after adding the higher 
energy value for the rubber yield. Thus, there was a 
m iss in g  b io m ass  c o m m o n ly  refe rred  as ‘k ’ factor 
(Sethuraj, 1992). Com pared to untapped trees, there would 
b e  d iffe ren tia l m etabo lic  ac tiv itie s  in tapped trees, 
Therefore, in order to find out the changes in metabolic 
activities o f  tapping panel area the respiratory activities 
in bark tissue as w ell as isolated m itochondria were 
studied.

iS,latexATPconloit,soft baric tissuecariwhjilrates
and proteins In untapped and tapped trees of Hevea brasiUensis

Trees Shoot Latex Soft bark dssue Soft dssue
biomass ATP carbohydrates protons
(kg/tree) content Total Starch Totai Soluble

(M/kg) sugars (mg/g) 
(mg/g)

protw  protein 
(tng/g) (oig/e)

Untapped 673+77 3214 2 6 + l i  83+2.5 26+1.8 1 6 + iJ

Tapped 435'* + 23 I15*±8.9 30.5 + 12 98J*+3.7 46+2.1 2S» + 1.7

‘ indicates tapped trees significantly different from untapped trees at 5%

O xygen consum ption is a preferred measurement 
to study  the resp iratory  efficiency  o f  tissue. Tapping 
resulted in an enhanced respiratory activity in the bark 
tissue. The soft bark tissue respbation, including cyt-c 
and alternative oxidase (A O X ) m ediated oxygen uptake 
rates w ere higher in tapped trees com pared to untapped 
trees (Fig. 1.) The residual respiration also was signi­
ficantly increased in tapped trees. It represents the non- 
resp ira to ry  oxygen consum ption  by  o ther oxidizing 
enzym es and activities o f  secondary m etabolities.

I  400  

3 onft iJ ri

□ UrttappM 
■ Toppw)

Fig. 1. Soft bark tissue respiradon in untapepd and tapped trees afHevea. (n : 6 /
indicates significant djfferaiccbctH ecnuntapepd and tapped trees at 5% 
levd.)

In order to avoid the interference/errors owing to 
seco n d ary  m eta b o litie s  the  re sp ira to ry  ra tes  were 
measured in isolated mitochondira from the soft bark tissue 
o f  untapped and tapped tree soft-bark tissue (Fig. 2). 
N A D H  was used as a  substratre for mitochondrial electron 
transport chain(ETC) reactions. The N A DH dependant 
total respiration rate was significantly higher in tapped 
trees. The alternative oxidase m ediated oxygen uptake
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rate w as signficnatn ly  increased due to tapping. The 
potential o r m axim um  capacity  o f  cyt-c and altenative 
oxidase activities w ere m easured with the addition o f  ADP 
in the p resence o f  appropriate  inh ib ito rs o f  e lectron 
traasport chain and they were found to be higher in tapped 
trees than  in untapped tress (Fig. 2). T he  potential rate o f  
alternative respiration in m itochondria w as recorded in 
which the cyt-c activity  was im paired, l l i e  capacity is 
generallydefm ed as the oxygen uptake resistant to the 
cyt-c pathw ay inhibtor and sensitive to the AO X inhibitor.

U nupped Tapped

d r t i

*
b

I
o-f

enhanced levels in the molecular weight range o f  12,18, 
38-40 and 62 k D a compared to the serum from untapped 
trees (Fig. 3). The increased leel o f protein bands in tapped 
trees indicated higher m ctabolic flux w ith enhanced 
protein trun over including probable increase in rubber 
biosynthetic enzymes also.

STD UT k D f t

Rg. 2. The rateof rmlochondria! respiratory 0 ,  uptake(uM 0 /m g  protein/min.).
(Mitodiondrtawre isolated from softbacktissueof untapped andtapped

trees of Hevea. Histograms with different alphabels are significantly

different.)

ATP content in the latex w as higher in tapped trees 
than the untapped trees (Table 1). It is a fact that regular 
tapping stim ulates latex biosynthesis for which a large 
quantity o f  ATP m olecules are required and hence the 
tapped trees show ed around 3.5 fold increase in latex 
ATP level. R espriation rate increased with an increase m 
latex volum e (data not shown), indicating requirem ent o f 
in c re a se d  m e ta b o lic  a c tiv it ie s  fo r  a h ig h e r  la tex  
biosynthesis.

T he quantity  o f  toal sugars in the tapped trees did 
not differ significantly  from  those o f  untapped trees. 
However, sugar content was slightly higher in soft bark 
tissu e  o f  tap p ed  trees  (T ab le  1). T apped  trees  had 
significantly higher starch content than untapped trees. 
Starch is accum ulated in tissues and converted to sugars 
for the biosynthesis o f  rubber in laticiferous tissue. Tapped 
trees showed increased m etabolic rate cocnom itant w uh 
high carbohydrates content. The increased concentratiion 
o f  carbohydrates suggests an enhanced sink dem and and 
m etabolic activity  in the tapped bark com pared to the 

untapped.

Tapped trees recorded significantly higher level o f 
protein content than untapped trees in the soft bark tissue 
(Table 1). The SDS-PAGE profile o f  the latex C-serum 
o f  tapped trees showed differences in m any proteins with

66

45

20

14

FIc 3 SDS-PAGEprofileoflatexC-seramprtiteins(t)Ueciedfrorauntapped(HT)
and tapped trees (T) of Hevea. (Molecular weight standards (STD) are 
marked in iheleft side and changcs in major proteins size are indicated in 

the right side.)

Com pared to untapped trees, tapped trees had 
m ore m alondialdehyde (MDA) content, a product o f 
mem brane lipid peroxidation (Fig. 4). Tapping mediated 
wounding inflicted mechanical stress in tapped trees. This 
stress m ediated production o f  ROS might have caused 
lip id  p e ro x id a tio n  o f  b i- la y e r  m em b ran es o f  the  
m itochondna and other cell organcelles resulting in MDA 

accumulation.

The day to day respiration rale, sugar content in 
bark tissue and ATP content in the bark tissue and latex 
C-serum  were analyized in a set o f  newly opened trees. 
T h e  re sp ira to ry  ra le  w as g rad u a lly  in c re a se d  m  
laticidfcrous enriched bark tissue. Simultaneously the
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i l l
Rg.4.Mal ydccoatent m sofi baric lissueof untapped and lapped trees of 

rtfvea(*lndinf«agnificant difference at5%lc»d.)

a lte rn a tiv e  resp ira tio n  w as a lso  increased  w hen the 
lapping progressed (Fig. 5a). The sugar content suddenly 
declined ina newly opened trees, however, started increase 
from third lapping onwards and atained stable level from 
seventh tapping day onwards (Fig. 5b). This observ'ation
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a  Untaooed explained the sink dem and and subsequent
ppea supply ofm ctabolitesfram  the pholosynthclic source. The

■  apped ^-|-p o f  bark tissue was gradually  reduced and
on the contrary it was steeply increased in C-seram  (Fig 
5c & d). This experim ent clearly dem onstrated how the 
m etabolic activities were m odulated/activated in trees 
under tapping com pared to an untapped tree.

Tapping in natural rubber tree is an unavoidable 
w ounding process for the crop harv'csting. The harvested 

_  latex contains around 30-40%  dry rubber content and the
rem aining portion o f  the latex com prises water, scrum 
proteins, sugars and olhe m ineral nutreitns like K, PO 
etc (d ' Auzac and Jacob 1989). In tapped trees the tree 
has to regenerate the latex betw en the tapping days. The 
laticiferous sink activity is significantly increased in tapped 
trees com pared to untapped trees. D ue to crop harvesting 
the tree is losing a lot o f  resources o ther than the energy 
r ic h  p o ly is o p re n e s . L a tex  is a r ich  rep o s ito ry  of 
photosynthates. There is partitioning o f  photosynthates

FlS.5.ThtdiMgreiiirespirBtonralt(»,!iiflbarkll!iue!ugars(b)aiidATPaintcmsintestruiii(t)luldATP™ ii!nllnsonbirkl;s!ue(d)MlhcliinplngljpiTigrtsslng
10 a BCH'lv opOTcd tree
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for latex production and biom as allocation in a tapped 
tree (T em pleton  1968). H ow ever, the percen tage  o f  
allocation for these tw o processes is a clonal character 
Therefore, the biom ass o f  a tapped trees is significantly 
lower than  an un tapped tree o f  the sam e age. There 
existed a d irect positive  relationship betw een the yield 
and shoot b iom ass loss (A nnam alainathan et a i ,  1998). 
In the present study the loss o f  biomass in the seven years 
old tree w as around 34.5% . It has already been reported 
that RRII 105 lost the highest percentage o f  biomass 
c o m p a re d  to  o th e r  H e v e a  c lo n e s  s tu d ie d  
(A nnam alainathan e ra /., 1998).

T here w as a positive correlalion existing between 
the total sugars and starch contcnt o f  soft bark tissue. 
The level o f  ca rb o h y d ra te s  d e te rm in es  the  ra te  o f  
resp ira tio n  and en erg y  sta tus o f  the tissue. Rale o f  
r e s p ira t io n  w a s  p o s i t iv e ly  c o rr e la te d  w ith  the  
concentration o f  sugars and starch in Hevea  bark tissue 
{Low and Gom ez, 1984, A nnam alainathan e /a /., 1998). 
The unaccountable biom ass loss in tapped trees could 
possibly be explained in m any ways (Sethuraj 1992). The 
increased alternative respiration in the bark tissues as 
well as in isolated m itochondria indicated m ore diversion 
o f  electrons through the non-phosphorylative respiratory 
pathway. I f  alternative pathw ay opertaes in an increased 
order the net ATP m olecules are  lesser in the cytosol of 
rubber trees (K rishnakum ar et a/.. 2001), How ever, 
activity o f  cyt-c also increased in the tapped trees explains 
the higher energy dem and for the rubber biosynthetic 
pathw ay in the laticiferous tissue.

The AO X in h ig h er p lan ts has been generally  
considered as a w asteful m etbolic process, but many 
studies have shown that it has ccrtain vital physiological 
signficance. It is considered to be protective pathw ay in 
m itochondria  ak in  to p ho to resp ira tion  in chlorplasl. 
A lternative respiration bypasses two out o f  the three 
phosphoryiating sites in m itochondrial electron transport 
and hence this m ay be an unsuitable trait for the overall 
energy m etabolism  o f  the cell. However, AOX m ay have 
a protective role during environm ental and and biotic 
stresses as reported in m any studies. Various findings 
indicate that the tlinclional role o f  AOX is tissue and organ 
specific. I f  the expression  o f  AOX is e lim inated by 
antisense techique, the plants succm b to drought or other 
abiotic factors m ediated oxidative stress (Ribas Carbo el 
a i .  2005; A nnam alainathan  el a i ,  2006). Thus like 
photorcspiration, alternative respiration also seems to be 
a necessary evil in order to regulate cellular metabolism. 
N eedless to say the productio o f  biom ass requires the 
input o f  carbohydrates, p artly  to generate  ATP and 
NAD(P) H for biosynthedc reactions and partly to provide

the carbon skeletons (Penning de Vires et a!., 1974).

rh e  rate o f  respiration depends on three major 
energy-requiring process i.e. growth, maintenance and 
ion transport. Once biomass is produced, energy must be 
spent for the general repair and m aintenance o f  the 
system. Tlie estimated cost o f  maintaining plant biomass 
ranges from 20 to 60% o f  photosyntfiates proudced per 
day in woody species (Ryan et a l .  1994) and a major 
part o f  the m aintenance respiration is associated with 
protein turn over and m aintaming ion gradients acroos 
m embranes, approximately 0.26 g glucose is being spent 
for the turn over o f  one gram o f  protein (De Viser et ai..
1992). (t is expected that ina rapped tree the rateof protein 
tum  over is increased as evidenced from the increased 
protein level in C-serum. Therefore, the tapped tree is 
losing m ore biomass than the amount accountable for by 
its yield.

R e fe re n c e s

Annam alinalhan, K„ Nair, D. B, and Jacob, I. 1998. Respiration in 
.soft bark tis.suc o f  tapped and untapped trees o f Hevea. Indian  
J. Nat. RuhhcrRe.%. II (1 & 2 ): 23-30,

Annamalainathan, K . Krishnakumar. R, and Jacob. J. 2001, Tapping 
induced change.s in respiratory metabolism, ATP production and 
reactive oxygen specics scavenging m Hevea. J. Rubber Res. 4 (4)
• 245-254,

Annamalainathan, K„ Taylor \ , L  , Jacob, J„ Finnegan, R.M. and 
Day. D. A, 2fX)6, Alternative respiration may havearoleinreducing 
oxidative stress in p lants. In • Proceeding o f NCPB-2006. 
University o f Rajasthan, Jaipur, Feb 2006.

Am alou, Z .  Bangratz, J and Chresiin, H 1Q92. Ethrel (ethylene 
releaser) induced increases in the adenylate pool and transtonopiast 
pH within Hevea  late cells. Plant Fhysial. 9S: 1270-76.

Chrestin, H.. .Marin, B.. Jacob. JL  and d ’Auzac, S 19S9. .VIetabolic 
regulation and homestasis in the laticiferous cell, pp 165*218. 
PJiysiolog)' o f  Rubber tn 'e  laie.v (Eds.l d ’Auzac, J., Jacob JL and 
Chrestm . H, Florida. CRC Press. 

d 'A u /ac , J- and Jacob, J.I. 19S9, The composition o f latex from 
H ew n  bnisiliL'iisis as a laticiferous cytopla.<;ni. In : Physiology o f  
Rubber Tree L iiex  (Eds. J, d 'uzac, J,L, Jacob and H, Chrestin).. 
pp. 60-88, Florida, CRC press.

Day, D ,A ,, N cuburgcr, M, and  D ouce, R, 1985, B iochem ial 
chamcterization o f chlorophyll free mitochondria from pea leaves. 
Alls. J. P lm u Physiol. 12 ; 219-228.

De Visser, R„ Spilters, CJT and Bouma, T  1992. Energy cost o f 
p rotein turnover: T heoretical calcu lation  and experim ental 
esimation from regession o f  respiration on protein concentration 
o f  full-grown leaves. In Molecular. Biochemical and physiological 
aspects o f plant respiration, 11, Lumbers and LH W. Van der Plas 
(Eds.) SPB Academic Publishing, The Hague, pp. 493-508.

Heath. R. L. and Packer. L, 1968. Photoperoxidation in isolated 
ch o ro p la s ts .  I. K in e tic s  and  s to ich io m e try  o f  fa tty  acid 
peroxidation. Arch. Binchem. Biophys. 125 : 189 -198.

Jacob, J. L„ Prevot, J.C„ Roussel, D .  Lacrottc, R., Serrcs, E., d ’



A uzac, J „  Eschbach. J. M. and O m ont, H. 1989. Yield lim ting 
facto rs latex physio log ical p aram eters, latex d iagnosis and clonal 
^ l o g y ,  pp. 346-382. In: Physio logy o f  rubber tn e ln te x .  (Eds, d ’ 
A uzac, J., Jacob . J. L. and  C h r« tin ,  H) Chap, 6.1. Boca Raton. 
C R C  press.

K n shnakum ar, R ., A nnam alainathan . K .. Sheela. P,S, and Jacob, J. 
2001. Tapping  panel dryness syndrom e in He\>ea increases dark 

r c s p im io n h u tn o t  ATP  status. Ind ian  J. Nat. R ubber R es  14 -1 4  
-19,

Laem m li, U .K , 1970, C leavage and stnjctura) p roteins during asswnbly 
o f  head  o f  bacteriophage T-4. A'o/wre (L ondon) 227 : 680-685.

Lam bers. H „  Day, D.A, and  A zconbieto, J. 1983. C yanide rcsistanl 
resp ira tiion  in roots and  leaves. M easurem ent w ith intact tissues 
and  iso lated  m itochondria. Physiol. P la n ta n m  S8 : 148-154.

Low. F,C. and  G om ez, J.B, 1984. C arbohydrate  sta tus o f  exploited 
Hevea. HI. Non-stnJCtural carbohydrates in the  bark, J. Rubber  
Res. /nst. M a laysia  32-82,

Low ry, O .H ., R osebrough, N .J., Farr, A .L,, and  R andall, F.J, 1951, 
Protein m easurem ent w ith fo lin p h en o lrrag en tJ , Biol. Chem. 193 
: 265-275.

M e C redy . R .M ,, G uggo le , J., Silver. V. and  O w ens, H.S, 1950. 
D eterm ination  o f  starch and  am ylase in vegetab les to  peas. Anal. 
Chem . 2 9 :  1165-1158,

M illenaar. F.F., B enschop, J.J, W agner, A .M . and  Lam bers, H, 1998, 
T h e  ro le  o f  alternative ox idase  in s tab ilising  the in  vivo  reduction 
s ta te  o f  th e  u b iq u in o n e  pool and  th e  ac tiva tion  s ta te  o f  the  
a lte rna tive  ox idase. P lant Physiol. 118 : 599-607,

Penning  d e  Vries, FW T, Brunsting, A H M  and Van U a r ,  HH, 1974, 
P ro d u c ts , req u irem en ts  and  e ff ic ie n c y  o f  b io sy n th e s is  : A 
quan tita tive  approach, /  o fT h eo . Biol. 45 ; 339-377,

Purv is. A .C . and  S hew felt, R. L, 1993, D oes the a lternative pathw ay

A nnam alainathan ,

am eliorate chilling injury in sensitive plant tissues > PAvc/V./ 
88: 712-718.

Raskin, L. Ehm ann, A„ M elander. W.R. and Meeuse, J, B. D, I9g7 
Salcitylci acid: A natural induceer o f  heat productiion in Arum 
lillies,,5c/ence237: 1601-1602.

R ibas-Carbo M . Taylor N,L„ G iles, L ,  Busquets, S .. Finnegan, P.M 
Day, D,A,, U m b ers , H. M edrano. H„ Berry, J,A, and Flexas, j ’ 
2005. Effects o f  w ater stress on respiration in soybean leav e  
P lant Physiol.

Robson. C,A, and Vanlerberghe, G C . 2002. Transgenic plant cells 
la ck in g  m ito ch o n d ria l a lte rn a tiv e  o x id ase  have increased 
su scep tib ility  to  m itochondria l dependen t and independent 
pathw ays o f  program m ed ccll death. P lant P hysiol 129 - 1908 
1920.

Ryan, M G , Linder, S,. Vose, JM and Hubbard, RM, 1994. Dark 
rspiration o f  pines, E co l Bulletin  43 : 50-63,

Scott, T A , and M elvin, E,H, 1953. Determination o f  dextrin with 
anthrone. A n a l Chem. 25 ( 11 ): 1656-1661,

Sethuraj, M,R, 1992, Yield com ponents in Hevea brasiliensis. In : 
Natural ru b b e r: Biology, C ultivation and Technology (Eds. M,R, 
Sethurj and  N ,M . M athew) pp, 137-163. Amsterdam : Elsevia-,

Shorrocks, V. M ., Tem pleton. J.K.. and Iyer, G C , 1965. Mineral 
nutrition, g row th and nutrient cycle o f  H ew a  brasiliensis 111. 
The relationship between girth and shoot dry weight, J. Rubber 
Res. Inst. M alaya, pp. 85-92.

Sreelatha, S„ Sheela P. Simon and James Jacob. 2004 On the possibility 
o f  using ATP concentration inlatex as an indicator ofhigh yield in 
H evea brasiliensis. J. Rubber Res. 7 (1 ) :  71-78,

Tem pleton, J,K. 1968,, G row th stud ies in H evea brasiliensis. I. 
G row th analysis up to seven years after budgrafting J. Rubber 
Res. M alaya  2 0 (3 ): 13.

K  . A num od, M ,A., Krishnakum ar, R „ S rce la th ., S. and Jam es Jacob

328


