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Abstract

Fourclones of natural rubber plants (clone RRM 105, RRIM 600. GT | and PR 255) were grown in large poly bags under three
different light conditions namely, 100, 70 and 30% sunlight. One set of plants was drought stressed for three weeks by
withholding irrigation during the rain free summer season and a second set was kept as irrigated controls at all light levels.
The malondialdehyde (MDA)/chlorophyll ratio in drought affected plants was determined as an indicator of drought tolcrance/
susceptibility. Photosynthetic oxygen evolution rate was measured at different light intensities (LED). High light grown plants
responded to measurement light intensity better than low light grown plants in the relatively stress tolerant clone RRIM 600.
TTie apparent quantum yield of oxygen evolution and light comfKnsation point were lesser in the low light grown plants than
the open light plants. The degree of drought mediated inhibition in photosynthetic O, evolution was lower in low light grown
plants than open light plants indicating protection from photoinhibition in shaded plants. The analysis of chloroplast protein
profile showed that the sun exposed plants with concomitant drought stress induced a novel 23 kDa chloroplast stress protein.
LC/MSMS analysis revealed that the protein was a small chloroplast heat shock protein (sHSP). These findings indicate that
the SHSPs may play a role in drought tolerance as the more tolerant clones expressed relatively increased amounts of this
protein.
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Introduction

On aglobal basis, droughtcoincident with other
environmental stresses such as high tem perature and high
light intensity poses a majorconstraintto plants survival

jand productivity (Boyer 1982). The natural rubber plant

; 'Hevea brasiliensis) is mainly cultivated in tropical and

sub-tropical belts. During summermonths young plants
in the field face many environmental stresses and
isuccumb to the cumulative effects of abiotic stresses
such as drought, high light and high

Drought combined with high solar light intensity has

temperature.

reported as major environmental constraint for
establishing rubber cultivation in areas such as the North
1999). High solar

Konkan (Jacob e( al. intensity
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radiation concomitant with soil moisture deficit leads to
an imbalance between light and dark reactions of
photosynthesis and causes an increased diversion of
electrons for the production of active oxygen species in

the leaves of rubber plants (Jacob etni, 1999).

In general most of the damaging effects of

irradiation and moisture stress to green leaves occur at
and level

the chloroplast membrane

(Oquiste/fl/.. 1995). The ability to utilize higherorlower

enzyme

photon flux density (PFD) is mainly dependent on

structural modulations in leaves and photosynthetic
apparatus resulting from growth light conditions. The
PS n. thylakoid membranes and electron transport

components are the main targets ot photoinhibition due
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to the lormation ofexcess active oxygen species during
adverse climatic conditions (Deminig-Adams and Adams
1992. Halliweii and Gutieridge 1999). In mature rubber
plants the photosynlhetic contribution of shaded leaves
to the total carbon balance has been suggested to be
higher than fully exposed leaves during drought period
(Dcvakumaretoi. 1999). Drought isa multidimensional
stress affecting plants at various levels of growth and
development. Most of the field grown plants tolerate
environmental stresses through many metabolic
adaptations at the cellular level. The response of plants
such as rubber to drought is more complex due to the
interactive actions at the whole plant level wiih factors
like water relations, stomatal behavior and
photosynthesis and cellular processes like the induction
of certain growth hormones, dehydrins. free radical
scavenging compounds, enzymes and specific stress
response proteins.

Tolerance to abiotic stresses has mainly been
achieved through engineering for increased cellular levels
of osmotically-active solutes (such as proline,
glycinebetaine, mannitol, trehalose, fructans, etc.).
However the induction ofstress proteins in tolerant lines
of a variety of crop species has been widely reported
(Vieriing 1991; Zhu, 2001). Furthermore an increased
level of stress proteins in some plants have been
previously correlated with enhanced tolerance for
drought and light stress (Adamska 1997,
Hutin etal. 2003). Currently little information is known
regarding the effect of light and drought on the protein
profiles of chloroplasts of leaves from rubber plants.
This study aims to characterize the effects of drought
and high light on photosynthetic rate and stress
responsive protein expression in the chloroplast ofyoung
rubber plants and implication of such stress proteins in
drought tolerance in young rubber plants.

Materials and Methods
Plant materialand growth condition

Budded stumps of four clones of Hevea namely
RRII 105. RRIM 600. GTI and PR 255 were planted in
large (35 x 65 cm) size polythene bags. The plants were
grown under different light conditions (twenty plants per
treatment) namely, open sunlight (100% light), partial
shade (70% light) and deep shade (30% light). Different
light intensities were achieved using shade nets of varying
thickness erected 3 meters above the top whorl of the
plants. One set of plants in each light condition was
drought stressed by withholding irrigation for three

weeks during rain free suminer season and a second set
was kept as irrigated controls.

Measurement of Photosynthetic 02 Evolution

The rate of photosynlhetic oxygen evolution by
leaf discs of the freshly harvested leaf (n=8) was
measured at 25"C with a Clark type oxygen electrode
(Hansaiech LD2/2, King's Lynn, UK). The measurement
light (LED) was achieved using a Hansatech LH 36 light
source. To avoid any CO” limitation 5% CO” was
generated in the closed chamber by a bicarbonate/
carbonate buffer (pH 9.2).

Additionally an experiment was conducted to find
out the apparentquantum yield of oxygen evolution (mol
of O2 evolved per mol of photon incident on the leaf)
and light compensation point. The leaf disc was first
acclimatized to dark for five minutes and the rate of
dark respiratory oxygen uptake by the leaf disc was
measured. The leaf disc was then exposed to different
light intensities (50, 100, 200, 400, 600 /imol m™s**)
using an LED source (LH 36, Hansatech, UK) for 5
minutes each and photosynthetic oxygen evolution was
measured at 25°C (Walker 1988). A linear regression
analysis was done between the rate of oxygen evolution
(dependent variable) and light intensity (independent
variable) for each leaf sample. The apparent quantum
yield of photosynthetic oxygen evolution (mol ofoxygen
evolved per mol of photon incident on the leafdisc) was
calculated from the slope of the regression equation. The
photosynthetic light compensation point (which is the
light intensity at which the rate of photosynthetic oxygen
evolution and the rate of respiratory oxygen uptake are
equal) was also calculated from the same regression
models.

Estimation ofchlorophylland malondialdehyde

Leaf chlorophyll content was estimated using
Arnon's method (Arnon 1949). The lipid peroxidation
product malondialdehyde(MDA) was estimated
according to Heath and Packer (1968).

Chloroplastprotein profile

Type 1ichloroplasts were isolated from leaves and
chloroplast polypeptides were prepared from those
samples. The polypeptides were resolved in 12% SDS-
PAGE and stained with coomussie brilliant blue
(Laemmli, 1970).

Mass Spectrometry

The 23 k Da protein band was harvested from the



gel using a sterile scalpel and placed into a microfuge
I'ube. Gel pieces were washed and digested overnight at
J7"C with trypsin according to Heazlewood et ai.
(2003). I'eptides were extracted from the overnight digest
byadding an equal volume of acetonitrile and shaking
for 15 minutes at 8000 rpm on an orbital shaker. The
supernatant was removed and 20fil of a solution
containing 50% acetonitrile and 5% formic acid was
added to the gel pieces, and agitated for 15 minutes at
8000rpm on an orbital shaker. Supernatant was removed
andthe previous step repeated. Supematants were pooled
and solvent evaporated wusing a speedvac
iThermo Savant) for 20 - 30 minutes until nearly dried.
Peptides were hydrated in 16 fll of 5% acetonitrile and

1% formic acid prior to mass spectrometric analysis.
Samples were analyzed using an Agilent 1100 series
capillary LC system with a 0.5x50mm C 18 reverse phase
column coupled to a QSTAR Pulsari LC/MS/MS system
(Applied Biosystems) equipped with the lonspray source
ninning Analyst QS software (vIl.l). Peptides were
eluted from the column using a 5 - 80% acetonitrile
gradientin 0.1% formic acid at 8(Il/min. An information-
dependent acquisition method for data acquisition was
used with rolling collision energy for automated collision
energy determination based on the ion m/z (Sciex/AB).
The method used a Is TOF-MS scan and switched to
MS/MS for a 2s information-dependent acquisition of
the product ion for ions of 2+. 3t and 4+ with greater
than 30 counts. Data was exported and analyzed using
Mascot (Matrix Sciences) against the MSDB database
with search parameters using a peptide tolerance of +2
Daand an MS/MS tolerance of £0.8 Da, allowing up to
1missed cleavage for trypsin, a variable modification
of Oxidation (M) and the instrument type set to ESI-
QUAD-TOF.

Results and Discussion

The chlorophyll content per gram fresh weight of
the leaf decreased under drought conditions in all the
clones except in RRIM 600. The photo-oxidation of
chlorophyll was highest in RRIl 105 followed by PR
255and GT 1and the least in RRIM 600. Under shade
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condition total chlorophyli coment.increased in GT 1
and PR 255 (Table 1). The lipid peroxidaiion product
malondialdehyde was significantly increased in
droughted plants indicating a state of oxidative stress.
However, shade grown plants accumulated
comparatively lesser MDA than their open light grown
counterparts when stressed. The MDA/chlorophytl ratio
m young plants was a typical renection of the degree of
susceptibility to drought (Table 1). The droughted plants
of RRII 105, a drought susceptible clone, recorded the
highest MDA/chl ratio (50.5) whereas RRIM 600, a
tolerant clone, recorded the lowest ratio (26.5).

The photosynthetic oxygen evolution rates of
unstressed leaves were studied in two clones, namely
the drought susceptible clone (RRI1 105) and the drought
tolerant clone (RRIM 600) under different light
intensities. When the growth light intensity declined the
rate of oxygen evolution also decreased (Fig. 1). In open
light grown plants the rale of oxygen evolution
progressively increased when the measurement light was
increased. The light saturated level reached at around
300-400/imole m'sec"” (LED). The plants grown under
partial shade (70% light) did not show any significant
differences in photosynthetic rate compared to the 100%
light grown plants. The deep shaded plants (30% light)
did not respond to high measurement light (Fig. 1). The
light saturation level was reached very early at around
200 *mol m"sec *(LED) in the shaded plants. These
results show the adaptive nature of the photosynthetic
apparatus to various growth light conditions. In low light
grown plants there was a limitation of the light driven
electron transport rate and reaction center components
to give maximum photolysis (Anderson and Barber,
1996).

Under drought condition the photosynthetic
oxygen evolution activity was drastically inhibited in
open light grown plants of RRIl 105 but was less
inhibited in RRIM 600 plants (Fig. 2). The extent of
drought induced inhibition was lesser in shaded plants
than full sunlight exposed plants. The degree of
susceptibility of the popular clone RRI1 105 io drought

~bie 1. The MDA/ctil ratio in leaves of young rubber plants grown in sun and partial shade (70% ligtit) and with or without irrigation.

Sun Shade Sun
Teal chi Irrigated 37+02 38+O0M 35t 0.05
“ng/g F.1) Drought 245002 3.3:0.11 3.3+0,08
HDa Irrigated 78+ 10 71£5 1 65+85
Mg tyroughl 12456 101 +4.6 87+3
MDA/chl Irrigated 21 24 19

Droughi 50.6 30-6 26.5

RRIWrTfW GTt PR 255

Shade Sun Shade Sun Shade
3,7+003 3.6 0,17 4.0£0,15 3.2+0.05 350,11
3.01 £0.05 29+0.1 3.1+0,1 29+0.2 3.2+0.07
05+ 14 103 +2 59+ 10 86+5,9 62+37
94+8 123i 10 91 +3.4 99 +£9.2 92+5.4
175 285 145 27 184
3 4 29 325 28,1
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Photosyortictic tight response cur\e in /le\ra

il .
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Fig.l. Photosynthetic light response curve inyoung plants of
Hevea.?\zn\s were grown underdifferenl light intensities (100,70
and 30% sunlight). The measurement light was provided by LED
source. For details regarding the measurements please see materials
and methods.

has been well characterized in previous reports
(Annamalainathan el al, 2005. Alam etal.. 2005). The
percentage inhibition in photosynthetic Oj evolution in
drought stressed leaves as compared to the respective
controls was as low as 33 % in 30% light grown plants
and as high as 51% in open light grown plants. These
results demonstrate how partial shade can protect young
rubber plants against photoinhibition and can sustain
pholosynthetic activity during water deficit condition.

The light compensation point progressively
declined as the growth light intensity decreased iti RR1I
105 and RRIM 600 (Table 2). This was attributed to
less dark respiration in the shade grown plants. The
apparent quantuirj yield of oxygen evolution also
decreased in shaded plants (Table 2). This result revealed
that the light use efficiency of shade grown plants were
better under low measurement light than high light
(Schiefihaleretal.. 1999).

Table 2. The light compensalion poin( iind quantum yield ofoxjgen
evolution in dilTerenl light grown planLs.

Growth Liom yj-i OLui oojunon

Hphl (/imol/m2/s1) (mol ()2/mole diolnn)
RRII 105 RRIM 600 RRII 105 RRIM 600
Open 23.6+3,2 26,2+2,5 0,023+0,0012 0,026 + 0.002
70% 12t2 1S3 0.019+0,0013 0021 +0,001
30% 111 4 1H+3 0.018+ 00018  0.018 + 0001

rjlte pr aMf hish lichtw tM 1j «Imw« m

in ttj*ra

D M 0 70 M
% frewih 11fht totBfisHy

Fig. 2, The photosynthetic oxygen evolution rate in irrigated and
drought stressed young plants of Hevea. Plants were grown under
different light intensities (100,70 and 30% sunlight). For other details
regarding the drought imposition and measurements please see
materials and methods.

In the present study we have observed a
consistently over-expressing 23 kDa protein in
chloroplasts of rubber plants experiencing drought
concomitant with high sunlight intensity (Fig 3). This
band was excised and digested using trypsin and analyzed
by LC'MS/MS. Data obtained by mass spectrometry
were used to identify the protein using the non-redundanl
protein database (MSDB) available through the Mascot
search engine (http://www.matrixscience.com/). This
search analysis produced a number of significant cross
species matches (Table 3) revealitig that the protein was
a small chloroplast heat shock protein (SHSP). A total
ofsix different peptides from the induced 23 kDa protein
successfully matched several sHSPs from tobacco,
petunia and tomato (Table 4).

The sHSPs are a class of the HSP superfamily
initially identified through their response to elevated
temperatures (Vierling 1991). While present in most
eukaryotes, the sHSP class appears to be most prevalent
in higher plants. The chloroplast SHSPs are a subclass
of the of the sHSP family, with subclasses also present
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Tible 3. vSignifican) Mascot cross species hits that pmvided novel peptide matches.

Hil'  Acceiision Protein 1D Spccies Coverage (9b)  NP"
1 T02018 heat shock protein 26a. chloroplast Nicodana labacwn 26 6 135
2 S16004 heat shock protein 21 Pftiinia hybrida 26.8 126
3 T06324 heal shock proiein 2 1 chioropl Ly 26.2 125

"Hitrefers to the Mascot rank in order of scorc; Accession refers to the SwissProi identity for ihc matched proiein; Mr is predicted molecular mass based on amino acid

sequence; Mowsc is the total protein score given to the match by Mascot; Coverage is percentage of the protein matched;

#NP is number of peptides matched.

23 kDa-

Fig .3 The chloroplast protein profile of young Hevea plants (clone
RRIM 600). The plants were grown under diffetnt light intensities
(100,70 and 30 % solar radiation) with (C) or without (D) irrigation
for 21 days during summer season. The stress protein 23 kDa is
indicated on the righi .side. The molecular weight markers (STD) are
indicated in the leftside.

inihiiendoplasmic reticulum, the milochondrion and the
cytosol. The chloroplast sSHSPs have been reported in a
variety of plant species, including a 26 kDa HSP from
tobacco (Lee et al.. 1998) and 21 kDa HSPs from
tomato, Arabidopsisand soybean (Suzuki etal, 1998).
The sHSPs are present within the chloroplast as large
oligomers containing 9 or more subunits and are actively
synthesized during heat stress (Suzuki et al.. 1998).
Moreover, agreat deal ofevidence indicates that SHSPs
play arole in toleiances to a variety of biotic and abiotic
stresses as well as key developmental processes

(Vierling 1991; Heckathom etai, 2004).

in chloroplasis the sHSPs have been implicated
in protecting this organelle from photoinhibitory and
oxidative stresses by preventing protein aggregation and
stabilizing the thylakoid membrane (Tdrok et al., 2001).
Heckathom et al., (1998) have demonstrated that the
chloroplast sHSP plays a direct role in stabilizing the
photosystem 11 (PSIl) oxygen-evolving complex (OEC)
proteins during heat stress and thereby promotes the
maintenance of PSII electron transport. The chloroplast
small heat shock protein also implicated in protective
mechanism in plants experiencing oxidative stress by
undergoing oxidationndependentconformational changes
in the molecular structure. More recently it has been
reported that chloroplast sHSPs also protect
photosynthetic electron transport from the inhibitory
effects of heavy metals (Heckathom etai, 2(X)4). Thus,
sHSPs appear to be general stress proteins in chloroplasts
that are involved in maintaining function and survival
of this organelle during stress or facilitating recovery
from stress.

There was a tight association existing between
the appearance of the SHSPs and growth light intensity.
The expression level of the protein was very low in 70%
light grown plants and absent in deeply shaded
(30% light) plants (Fig. 3). There was also clonal
variation observed inthe level of expression ofthe stress
protein. Among the four clones studied, RRIM 600
showed prominent expression, which is also adrought
tolerantclone (Fig 4) as evidenced from the present study
and previous report (Alam el al., 2005), followed by
the clones. RRIlI 105, GT 1 and PR 255. Given the
extensive research undertaken in the area of stress
response in plants, the relationship between drought
tolerance in young rubber plants and the induction ofan
HSP was not surprising. However, this new finding In
Hevea could be further tested in more numbers of stress
tolerant and susceptible clones. Similarly, the extent of
expression of SHSP and its correlation with (MDA/chl)
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T>bie 4. Partnl fon and corresponding pep(ide niakhes from Mascot starch rcsiills.

let 1; TOO 18 teal shock proicin 26a, chloroplasi - common lobacco

Observed lon (nVz) Charge (i) Mr (expu Mr (calc)
455.7221 909.4296 9094266
544.3267 10866389 1086.6437
544.8253 1087,6361 1086.6437
615.3541 J228,6937 1228.6914
461.2307

Hit 2: SI6(XM heat shock protein 21 -ganten petunia

Observed lon (tn/z) aiai?e(z) Mr (expt) Mr (calc)
455,7221 2 909,4296 909,4266
608.3518 2 1214.6891 12146758
556.3136 3 1665.9189 1665.8937

Uil VTnt.I"A e -

Observed lon (m/z) Char?e(z) Mr (expt) Mr (calc)
455,7221 2 909,4296 909,4266
521,7202 2 1041,4259 1040.4267
544.3267 2 1086,6389 1086.6437
544.8253 2 1087.6361 1086.6437

m nh

Della Score Pepiitle

0.0030 39 F'DMPGLSK + Oxidation (M)*
-00018 (25) NGVLFISIPK*

09924 49 NCVLFISiPK

0.0023 20 VSVEDDLLVIK*

o HIMPGLSKDEVK+Oxidalton fiv*

Delta Score Peptide

0.0030 39 FDMPGLSK + Oxidation (M)
0,0133 37 VSVEDDVLVIK
00252 50 VSVEDDVLVIKCEHK*

Delia Score Pepiidc
0.0030 39 FDMPGLSK + Oxidation (M)
0,9992 37 QMIDTMDR + 2 Oxidaiion (M)*
-0.0048 (25) NCVLFISIPK
0.9924 49 NCVLFISIPK

“ “responds to the ion or peptide analyzed by the mass spectrometer; Chaijetefets

otl,eobserved,onsch”e;Mr(expt),stl,ee.trapolated mass of the observed ion orpeptide;Mr(caic)is the massofthe matched peptide?Deltais

tkdiff*ncem ™sbaweenMr(expt)aiidMr(calc); Score is lheMowsescoreforthcpeptide;Peptideistheamino acid seqnenceofthematched
tryp tc ~ d e . The bracket that sutrounds some values m the score column itidicates that this value was not included in the final protein Mowse scoie

due I0redundancies. The astensk (*) identifies the novel ions or peptides from each protein hit.

ratio also needs to be worked out in more number of
droughttolerantand susceptible clones of Hevea. Once
a strong correlation could be established (MDA/chl) ratio
can be taken as yet another surrogate expression of
intrinsic drought tolerance in Hevea plants.

M Ml

Fig. 4. Thechloroplastproteinproflleof young Hevea plants. The
plants were grown underopen light condition (100% solar radiation)
with (O or without (D) irrigation for 21 days during summer season,

The stress protein  sHSP (23 kDa) is indicated on (he right side
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