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Chapterl General Introduction

Natural rubber is a unique biopolymer derived from latex, a milky colloid
produced by some plants. Although nearly 2000 plant species confined to 300
genera of seven families viz., Euphorbiaceae, Apocynaceae, Asclepiadaceae,
Asteraceae, Moraceae, Papaveraceae and Sapotaceae synthesise natural rubber
(Heywood, 1978; Backhaus, 1985; Lewinsohn, 1991; Cornish et. al, 1993),
around 99% ofthe world’s commercial natural rubber is made from the latex that
comes from a tree species called Hevea brasiliensis Muell. Arg., widely known
as the Para rubber tree. By making a controlled incision in the bark of the tree
termed ‘rubber tapping’ the colloidal milk-coloured latex which is the cell-sap of
the tree is harvested and then refined into usable rubber. Particles of rubber
hydrocarbon and non rubber substances dispersed in an aqueous serum phase
together constitute the natural rubber latex. Non rubber constituents, amoimting
to more than 5%, include proteins, fatty acids, resins and inorganic materials
(Subramaniam, 1995). The purified form of natural rubber is cw-1,4-
polyisoprene with a formula of (CsHg)n.

The history of rubber is much fascinating. Columbus in 15* century had
given the first description of rubber and de la Condamine, an astronomer was the
first to send samples of the elastic substance “caoutchouc” from Peru to France
in 1736 with all details regarding the habit and habitat of the trees and
procedures for processing (Dijkman, 1951). The first scientific paper on rubber
was presented in Academie in 1751 (published in 1755) by Frangois Fresneau
making the first systematic observations on rubber. Except English the name for
‘rubber’ in most Indo-European languages is derived from the Amerindian name
for rubber trees: cachuchu: ‘weeping wood’. The English name is attributed to
Joseph Priestley, the British Scientist m 1770 who observed that a piece of the
material was extremely good to rub out pencil marks on a paper and hence the
name ‘rubber’ (Jones and Allen, 1992). Natural rubber is used extensively in
large number of applications and products owing to the superior properties
attained as a result of special molecular structure and high molecular weight such
as resilience, elasticity, abrasion resistance, efficient heat dispersion and impact
resistance than artificially produced polymers. To make it a versatile material
raw rubber needs to be processed. Raw rubber is first made soft through the
process of mastication where they are pressed between mechanical rollers.

Pliable, water proof, mouldable rubber was then made possible following the

1



Chapterl General Introduction

discovery of vulcanization by Charles Goodyear in 1839 by heating the 4,
product with sulphur making it less sticky with superior mechanical properties.
A vast array of materials is made with vulcanized rubber including heavy-duty
tyres for trucks, busses and airplanes and many latex products for the medical
profession and hence natural rubber cannot be replaced by synthetic materials in
many of its applications. Rubber tree has attracted attention as a substitute for the
tropical rain forest as a resource of wood which is a good source of timber for
furniture industry and other applications. Rubber wood is ‘environmentally
friendly’; since it makes use of plantation trees that have already served a useful
economic function. Natural rubber also contributes to the global environment
preservation due to its role as an efficient carbon sequesters and mitigating
emissions at some extent (Rahman and Shivakumaran, 1998; Jacob, 2005;
Annamalainathan €?. al, 2015).

Hevea-brasiliensis, the rubber tree belonging to the family Euphorbiaceae
and the most economically important member of the genus Hevea is indigenous
to South America and remained as the main source of the Innited amount of latex
rubber used during much of 19%*century. In 1876, Sir Henry Wickham collected
70,000 Para rubber tree seeds from Rio Tapajo’z region (Amazone, Brazil) and
delivered to the Kew Gardens, England (Dijkman, 1951). Seedlings were then
sent to Ceylon, Indonesia, Singapore and many south East Asian countries. The
first introduction of rubber to India was from Ceylon (Priyadarsan, 2011).
Currently Thailand is the highest producer of natural rubber and India is one
among the top ten rubber producing countries, hi India, Kerala is the leading
rubber plantation state where the first commercial plantation was started by
European planters who formed the “Periyar Syndicate” in 1902 at Thattekadu
(George €2. al, 1988).

Ten inter-crossable species exist in the genus of Hevea but only three
species within the genus vyield usable rubber, H. brasiliensis (Fig 1.1),
H. benthamiana and H. guianensis. Among the three species H. brasiliensis is the
only species planted commercially and yielded tiie major source of natural rubber
since latex in other species has a high ratio of resin to rubber (Wycherley, 1992).
In addition to the Para rubber tree, two species belonging to the family

Asteraceae are also known to produce large amoimts of rubber with high



Chapter / General Introduction
molecular weight: Russian dandelion {Taraxacum koksaghvz) and a shrub named

guayule {Parfhenium argentatum Gray) (Mooibroek and Cornish, 2000).

Fig 1.1. Plantation  Hevea hrasiUensis (Para rubber tree)

Para rubber trees being naturally adapted to the Amazonian tropical
climate they can perfonn to its best in climate closely resembling that in its centre
of origin. Hence, wet equatorial type of climate is ideal for rubber cultivation
characterised by warm temperature, ample rainfall and mild breezes round the year
(Bradshaw, 1977). In India traditional rubber growing region falls in the
hinterlands of South West coast comprising the Kerala slate and adjoining
Kanyakumari district of Tamil Nadu. The attributes ideal for rubber cultivation
include a maximum temperature around 28 £ 2 “C, high atmospheric humidity,
2000-4000 mm rainfall and bright sunshine amounting to about 2000 hours per

annum (Rao and Vijayakumar, 1992). As the global demand for natural rubber
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increased, plantations have been extended to suboptimal regions beyond the
traditional latitudes, in India, China, Burma and Brazil (Dijkman, 1951; de Barros
et. al, 1983; Pushparajah, 1983; Sethuraj, 1985; Sethuraj et. al, 1989). Various
agro-climatic studies conducted have been useful to find out areas suitable for
rubber cultivation in different parts of the country so as to accelerate the
production to meet the increasing demand of rubber. The exclusive objective of
rubber breeding is to develop superior clones with improved rubber yield as well
as wood. Other desirable secondary characteristics include high mitial vigour,
smooth and thick bark with good latex vessel system, good bark renewal, high
growth rate after initiation of latex harvest, tolerance to major disease and wind
(Annamma et. al, 1990; Varghese et. al, 1993). Developing climate resilient
clones with tolerance to abiotic stresses such as drought, high temperature, cold,
etc. has also been given importance recently (Thulaseedharan et. al, 2000).

Climatologically five main zones are found in India, viz., tropical rain,
tropical wet and dry, sub tropical rain, temperate and desert. Among the five
zones, first three are found suitable for rubber cultivation. Due to latitude and
altitude changes several locations of these zones are counted as non-traditional
(Sethuraj et. al, 1989) and these include the north Konkan and north eastem
regions of India. Agro>climatic conditions prevailing in marginal areas delineated
as non-traditional zones, spread over the states of Maharashtra, Orissa, Tripura,
Assam, West Bengal, Meghalaya, and Mizoram. The major envkonmental
constraint which affects the plant in these places includes chilling winter at north
eastem region and high temperature and drought at the Konkan region. Various
studies have reported that plant development, general performance and latex
yield of rubber trees are affected due to drought and cold stresses (Sethuraj et. al,
1984; Jacob et. al, 1999; Sreelatha et. al, 2007; 2011).

Unfavourable environmental conditions that negatively affect plant
growth and development is termed as abiotic stress. Climate change has
exacerbated the fi'equency and severity of many abiotic stresses particularly
drought and high temperature which remains as the greatest constraint to crop
production (Lobell and Field, 2007). Significant reduction in yield is the direct
result of abiotic stresses (Acquaah, 2007). To cope with and recover fiom
damaging effects of abiotic stresses, plants have evolved sophisticated and

elaborate mechanisms at the physiological, cellular, and molecular levels that
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come into play at the onset of stress. Other than soil moisture deficit stress the next
key environmental factor that mfluence plant growth is temperature. Being a
species adapted to moderate temperatures, rubber plants get affected by extreme
temperatures. Absence of rainfall and increasing temperature alternatively results
in higher rates of evapo-transpu-ation leading to severe soil moisture stress.
Chandrashekar et. aL, (1990) have reported that temperature beyond 37°C coupled
with soil moisture stress results in leaf injury and killing of leaf margins m
rubber. Rubber cultivation under sub-optimal environments in nontraditional areas
experiences one or more stress situations. Developing new clones with better
adaptability to marginal areas can be considered only through long-term
perspective. However, evaluation of existing clones in various environments
with extensive eco-physiological research will yield quick and fiaiitful results.

Leaves, the most essential organ for the manufacture of food are the most
sensitive part of plant to drought since many physiological processes gets
affected with ultimate consequences on the growth and development (Dutta et.
aL, 2016). One of the main physiological processes that get affected in higher
plants is reduction and /or inhibition of photosynthesis (Annamalainathan et. al,
2010; Keyvan, 2010; Bhargava and Sawant, 2013; Nezhadahmadi et al, 2013).
Increased leaf temperature, impaired photosynthetic machinery, premature leaf
senescence, decrease in leaf expansion rate and a low leaf surface are some of
the reasons for this effect (Farooq et. al, 2009; Zare et. al, 2011). Chloroplast
plays a central role in plant stress response and paves light to understand the
connection between different stress response and organellar signalling pathways
(Kmiecik et. al, 2016; Sun and Guo, 2016).

In response to drought stress, pl~ts synthesize proteins, aminoacids and
also accumulate some minerals (Bemacchia and Furini, 2004; Rahdari and
Hoseini, 2012). The quantity as well as quahty of plant proteins gets affected as a
consequence of drought (Chemyad’ev, 2005; Farooq et. al, 2009). Under water
deficit conditions the protein content generally decreases due to suppression of
their synthesis. Changes in gene expression during drought periods consequently
change the synthesis of mMRNAs and drought-related protems (Nezhadahmadi et.
al, 2013, Salehi-lisar et. al, 2012). However, enzymes required for the
biosynthesis of various osmo-protectants and those involved in the detoxification

of ROS, proteases, various protems such as LEA, protem factors involved m signal
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transduction and gene expression increases under drought stress (Farooq et. al,
2009; Xoconostle-Cazares et. al.. 2010; Zlatev and Lidon, 2012; Ding et. al .,
2013; Labudda and SafiulAzam, 2014).

Regulatoiy and functional proteins produced as a result of signal cascade
helps to re-establish cellular homeostasis, eliminate toxic compounds, and protect
and repair damaged structures (Fig 1.2). A series of cell physiological process
including the production of metabolites and proteins involved in protective
flimction are involved in adaptation of the plant to abiotic stresses. Hence genes
involved in the biosynthesis of these metabolites as well as those coding for
proteins involved in protective mechanisms are modulated for obtaining plants
via transgenic approach for improving abiotic stress tolerance (Marco et. al,
2015).

Proteomics has proven to be a promising tool to explore biochemical
pathways and the complex response mechanism of plants in response to
environmental effects (Zhou et. al, 2015). Proteins that get induced in drought
are broadly classified into two main groups. The first group (functionalproteins)
probably flmctions in stress tolerance and includes chaperones (HSPs, LEAS),
lipid transfer proteins, proteins involved in repair and protection from damage,
defence-related proteins, proteins involved in the synthesis of osmoprotectants,
proteins regulated by plant hormones and those involved in its synthesis,
reproduction and development-related proteins, respiration and senescence
related proteins, etc. The second group {regulatory proteins) are involved in
regulation of signal transduction and transcription as part of drought response
and include transcription factors of multiple gene families, protein kinases and
protein phosphatases (Ashoub et. al, 2013; Augustine, 2016).

A group of proteins that are expressed at high levels when exposed to
stress are termed as Heat Shock Proteins (HSPs) and these proteins are present in
cells under normal environmental conditions also. Since these proteins were first
discovered in cells which were exposed to high temperature they were named as
heat shock proteins (Augustine, 2016). HSP 100/ClpB, HSP90/HtpG, HSP
70/DnaK, HSP 60/GroEL and sHSP are the five families of HSP that have been

described and they are thought to act as molecular chaperones which bind and
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stabilize proteins at various intermediate stages of its formation and helps in
folding, assembly, degradation, and translocation across membranes.

SHSP or LMW HSP class (12-42 kDa) are ubiquitous molecular
chaperones which dominate protein synthesis profiles during heat stress
(DeRocher et. al, 1991; Hsieh et. al, 1992). A consistently over expressing
chloroplast stress protein (—23kDa) was reported and implicated with drought
responses in young plants ofHevea brasiliensis (Annamalainathan et. al, 2006).
However, the pattern of expression of this chloroplast protein was not validated
with fimctional aspects of photosynthetic apparatus and drought tolerance
potential of different clones. Breeding and developing new rubber clones with
increased tolerance to environmental stress is highly essential, especially in the
present scenario of global warming and related climatic changes. In this context,
attempts need to be made to identify critical physiological and biochemical traits
which characterize the Hevea genotypes for drought tolerance. It is felt that
establishing specific markers are essential for screening vast number of elite

clones, pipeline clones and other ortet selections of Hevea for stress tolerance.

Under this scenario, the present study was initiated with an objective to
assess the clonal responses of young Hevea plants to drought stress and to
establish and develop a protein marker for drought tolerance. This protein marker
in combination with other crucial physiological parameters can be employed
towards screening of new pipelines or germplasm accessions for drought stress

tolerance.
Objectives

» To assess clonal responses of young Hevea plants to drought stress using
specific physiological parameters.

* To identify drought responsive proteins of Hevea brasiliensis and

validate their functional association with drought stress tolerance.

* To establish and develop the stress protein as a marker for drought

tolerance that could be further utilized to select drought tolerant clones of

Hevea brasiliensis.
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2.1. Hevea brasiliensis (Para Rubber Tree)

Hevea brasiliensis (Wild. Ex Adr. De Juss.) Muell. Arg. (Rubber), a
member of the family Euphorbiaceae is the primary source of natural rubber, a
native to the Amazonian rain forest in Brazil. Due to abundance in high quality
latex and convenience of harvesting, H. brasiliensis has become the prime source
of the modem world’s natural rubber (NR) which has descended from seedlings
transplanted from Brazil to South and South-east Asia that have undergone
several cycles of breeding (Priyadarshan, 2011). The original material referred to
as Wickham gene pool form the genetic basis and was introduced by the British
in to South-East Asia for commercial cultivation. It was brought under
domestication only in 1876 (Wycherley, 1968). Modem clones hence have
invariably originated from the very few plants of Wickham’s original-stock from
the banks ofthe Tapajoz (Imle, 1978). The history of rubber cultivation in India
dates back to 1873 when Hevea plants were imported from Sri Lanka and were
planted in the Nilambur Valley of Kerala state in South India (Haridasan and
Nair, 1980). Though, the origin of rubber plant is Amazonian rain forest, the tree
grows well in a wide range of agro-climatic conditions. It is a perennial crop
mainly cultivated in tropical and some parts of sub-tropical climatic regions.
After introduction to tropical Asian and African countries the original wild
genotypes subjected to tremendous changes through various breeding programs.
Slowly the trees were accustomed to wide range of agro climates and soil
conditions.

H. brasiliensis is a fast growing tree with a straight trunk and with an
open leafy crown. The bark of the trunk which is usually grey and fairly smooth
is the part from where rubber is harvested. Being the tallest species of the genus
the trees may grow to over 40 m with a life span of more than 100 years in the
wild. Cultivated plants rarely grow beyond 25-30 m in height as a result of latex
harvesting by tapping thereby resulting in growth reduction (Webster and
Paardekooper, 1989). Rubber trees are deciduous with annual leaf fall.
Defoliation-refoliation process during wintering is followed by flowering.
Leaves are compound, trifoliate, glabrous and spirally arranged which loops
downwards approximately in parallel with petioles which are reddish or bronze

in colour and gradually changes to dark green above and light green underneath.
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Extra floral nectaries are present in the region of insertion of tlie leaflets on the
long petiole (Premakumari and Saraswathyamma, 2000). The architecture of
leaves is varietal characteristics and so clones can be identified by examining the
leaves carefully (Mercykutty et. al, 2002). Flowers are monoecious and strongly
scented with lateral inflorescence. The mature fruit is a trilocular capsule having
a woody endocarp and a thin leathery mesocarp containing three seeds. Seeds are
large, ovoid with a hard and shiny seed coat that contains numerous brown or
grey-brown mottles or streaks. Dissemination of the species is favoured by a
spongy parenchyma tissue inside the seeds which help them to float (Reed,
1976). Root system comprises of a strong taproot and extensive lateral roots

together forming about 15% ofthe total dry weight of a mature tree.

Hevea will perform to its best in a region that resembles the agro-climatic
conditions of its native habitat. Ideal agro-climate for rubber cultivation includes
well distributed annual ramfall, warm and humid conditions, absence of
prolonged drought and plentifiil sunshine. To cope up with the increasing global
demand of rubber, regions outside the traditional belt have been prompted to
focus their attention on the cultivation of rubber (Pushparajah, 1983; 2001). The
genetic potential of the planting material, adaptability to the existing
environment and the ability to respond to improved agro techniques are the
factors responsible for the overall productivity of Hevea (Mydin, 2014).
Development of improved variety through conventional breeding is slow, time-

consuming and labour intensive due to the perennial nature of Hevea.

To cope up with the demand for this strategic commaodity and its limited
scope of expansion in the traditional belts, attempts have been made to elaborate
the cultivation to marginally suitable areas like Central and North-East India
which are known for its varied climatic constraints. Without compromising on
yield and productivity it is essential to identify or develop clones that can
withstand such adverse environmental conditions. The major environmental
constraints for establishing rubber cultivation in areas such as North Konkan
region of India is drought combined with high solar light intensity (Sethuraj et.
al, 1989; Devakumar et. al, 1998; Jacob et. al, 1999; Alam et. al, 2005).
Hence crop-improvement programmes for the non-traditional belts include

screening of clones for various envhonmental stresses including drought.
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2.2. Rootstock- scion interaction in Hevea

The predominant planting material of rubber is budded stumps raised in
polybags or root trainers. A budded plant is genetically heterozygous. Due to the
different genetic make-up of the stock and scion, a bud grafted plant is often
considered as a multiple genetic system. Although the graft functions as a single
metabolic entity, subtle differences may still persist between the rootstock and
scion. The physiology of the rootstock can interfere with that of the scion and
vice versa (Sobhana et. al, 2007). The performance of a scion could be different
when grown with its own root system or grafted to a rootstock with another
genetic make-up, and the difference depends on the extent of the genetic distance
between the stock and scion (Hartman and Kester, 1976; Errea, 1998).

In every plant there exists a dynamic system of metabolic communication
between the root and shoot systems. In grafts, this may be more complex given
the differences in the genetic make-up between the root stock and the scion.
Rootstock-scion communication could result in simple and direct effects of one
of the other, or a more complex effect quite different from theu- individual
physiology. Molecular and genetic level effects in scions of bud grafted plants
are also reported for several species (Yagishita et. al., 1986, 1990; Degani et. al.,
1990). Such effects have also been reported in Hevea (Krishnakumar et. al.,
1992; Sobhana, 1998). The rootstock can have a positive effect on the scion and
vice versa. Clonal rootstocks as well as clonal scions are being recommended in

some countries (Cardinal et. al, 2007).

Just as the influence of rootstock on growth of scion, scion also exerts
influence on the growth of the rootstock in H. brasiliensisy but relatively less
information is available on this (Sobhana, 1998). The rooting behavior of the
rootstocks has obvious effects on the water relations of the scion leaves in
H. brasiliensis. A scion grafted to monoclonal seedlings of GT 1and RRIM 623
was better adapted to drought than those grafted to the monoclonal seedlings of
RRIM 600 (Bastiah, 1999). This could be due to better rooting of the seedlings
of GTI and RRIM 623 than that of RRIM 600.

Root stocks have been known to influence the cation exchange capacity

(CEC) of the roots which influences the mineral uptake. It has been observed

11



Chapterl1 Review ofLiterature

that CEC of lateral roots was significantly influenced by the scion clone in
K brasiliensis (Sobhanaet, al, 1980). However, the NPK contents in the scion
leaf and rootstock had no effect with each other. There has been a positive
correlation between magnesium and manganese contents in the rootstock and
scion leaves in some clones, but not in others (Sobhana, 1998). No serious
efforts have been taken so far towards developing a rootstock for best
performance ofthe scion of//, brasiliensis. Always the emphasis has been scion-
focused, whether it is high yield or tolerance to environmental stresses. For
instance, the drought tolerant plants which have been identified (Sreelatha et. al,
2003) are being multiplied as drought tolerant clones (scions). But from a
physiological point of view, it is more likely that these selected clones would
perform as better rootstocks than scion vis-a-vis drought tolerance. The lack of
successful protocol for large-scale vegetative multiplication of rootstocks

prevents such attempts.
2.3. Abiotic stress responses in plants

A variety of environmental factors affect the plant growth and
development including availability of water, temperature, light, relative
humidity, mineral nutrients, and CO2 as well as ionizing radiation, pollutants, or
wind (Schulze et. al, 2002). Depending upon the quantity or intensity of each
abiotic factor the effect varies. A certain quantity of each abiotic environmental
factor is required for the optimal growth of plants. Abiotic stress is regarded as
any deviation from optimal extemal conditions whether in excess or deficit in the
chemical or physical environment having adverse effect on plant growth and
development (Bray et, al, 2000). Abiotic stress conditions include, for example,
drought, inadequate mineral nutrients in the soil, excessive soil salinity, extreme
temperatures, too high or too low radiation, flooding, metal toxicity, oxidative
stress and wind. Of the various environmental stresses as described drought is
one of the most important and prevalent stress factors since water accounts for
between 80-95% of the fresh biomass of growing plants thereby playing an
important role in many aspects of plant growth and development (Salehi-Lisar et.
al, 2012). Low rainfall, salinity, high light intensity, extreme temperatures are
some of the reasons for a plant to experience water stress. Pseudo-drought or

physiological drought is a different condition where enough water is available in
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the soil but plants cannot uptake it (Athar and Ashraf, 2009; Salehi-Lisar et. al.,
2012; Arbona et. al., 2013). Changes in the physiological, morphological,
biochemical, ecological and molecular traits of plants are the immediate outcome
of drought and hence it is a multidimensional stress (Shao et. al., 2008, Farooq
et. al, 2009, Bhargava and Sawant, 2013). The quantity and quality of plant
growth and yield is also negatively affected as a consequence of drought (Jaleel
et. al, 2009; Zlatev et. al, 2012; Nezhadahmadi et. al, 2013).

From an agricultural context drought is a term used to define as a period
without rainfall (Salehi-Lisar et. al, 2012). The response of plant to water deficit
stress depends on plant species, age and developmental stage as well as the
length and severity of the water deficiency (Madhava Rao, 2006). In order to
tolerate drought stress many plants have developed resistance mechanisms, but
these mechanisms are varied and species specific. Plants have several options to
tolerate drought stress, including physiological, morphological, developmental,
molecular, biochemical and ecological mechanisms. Maintaming cell water
homeostasis under drought conditions is the general plan followed by plants in
response to drought which is made possible mainly by increasing the water inlet
to the cells and prohibiting water loss thereby leading to normal cell functions.
Apart fi-om drought tolerance, drought avoidance is another common mechanism
to resist drought in annual plants (Madhava Rao, 2006; Athar and Ashraf, 20009;
Salehi-Lisar et. al, 2012). hnproving plants capacity for drought tolerance is a
tedious process as each method employed for improving plant’s drought
tolerance capacity has certain limitations and problems due to the complexity of

drought effects on plants and the response of plants towards drought.

hi order to overcome the deleterious effect of drought stress the strategies
followed by plants are broadly classified into drought escape, avoidance and/or
tolerance (Fig. 2.1). Drought escape is made possible by a shortened life cycle
which helps plants to reproduce before the onset of drought (Bray, 2007; Farooq
et. al, 2009; Akhtar and Nazir, 2013). Drought avoidance mechanism results
from an overall morphological change in plants for the preservation of a high
water potential. This is mainly achieved by reducing water loss by low stomatal
conductance, an extensive and prolific root system to increase water uptake fi-om

soil, cuticle and hairy leaves etc. (Bray, 2007; Farooq et. al, 2009). Tolerance
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mechanism includes physiological and molecular mechanisms such as
accumulation of compatible solute and osmotic adaptation, alteration in
metabolic pathways and induction of antioxidant system (Salehi-Lisar, and
Bakhshayeshan-Agdam, 2016). At the molecular level, response towards abiotic
stress, such as drought, involves many stress regulatory networks, comprising the
participation of signaling molecules, transcription factors, stress-responsive
genes coding for proteins with protective roles against stress, including
peroxidases, aquaporins, chaperones, LEA proteins and various hormones
(Golldack, 2014). Further for the development of transgenic plants tolerant to
drought, candidate genes were selected among those involved in the stress

regulatory networks (Todaka e/. al, 2015).
2.3.1. Drought stress responses of rubber plants

In a perennial crop such as H. brasiliensis yield is retrieved throughout
the year and the factors governing yield are intricate due to intrinsic attribute of
latex production, as latex is the end product of several biochemical steps. So
cultivation of rubber in non-marginal areas for yield and secondary attributes
hence become more challenging. The response to prolonged drought stress in
plants leads to severe problems including decreased water flux, closure of
stomata and lesser rate in carbon dioxide fixation. Hydraulic failure and carbon
starvation can result in the death of plants (Zeppel et. al, 2013). Common
features under drought stress in many plant species is the inhibition of
photosynthesis and energy dissipation reflecting the thermostability of PSII and
changes in electron transport (Zhou et. al., 2007; Brestic et. al, 2012; Yanet. al.,
2013; Zivcak et. al, 2014). Osmotic adjustment is another mechanism associated
with plant anti-drought character which involves the accumulation of compatible
solutes (low-molecular-weight organic osmolytes), such as prolme, finctans,
sorbitol, mannitol, glycine betaine, oligosaccharides and sucrose (Rhodes and
Hanson, 1993). Maintenance of osmotic equilibrium and protection of
membranes as well as macromolecules is in turn attained due to the accumulation
of these large compounds (Hoekstra et. al, 2001; Couee et. al, 2006). Reactive
oxygen species get generated doubtlessly as a consequence of drought stress in
mitochondria and chloroplasts (Apel and Hirt, 2004; Asada, 2006), so enzymes

involved in ROS scavenging play important roles in drought tolerance responses.
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Superoxide dismutase (SOD), ascorbate peroxidase (APX), peroxidase (POD),
catalase (CAT), monodehydroascorbate reductase (NADH), etc are some of the

ROS scavenging enzymes.

Growth retardation is the immediate result of drought stress in rubber tree
seedlmgs and mature tapping trees. Shortening of tapping period, blocking latex
flow for low water supply, decrease in dry latex contents, increase in occurrence
of TPD (tapping panel dryness), and under severe drought conditions even death
may occur in mature tapping trees (Huang and Pan, 1992). In order to select and
breed for drought-tolerant rubber tree clones many strategies and indices were
used, such as leaves with more ~icuticular wax (Gururaja Rao et. al, 1988),
drought tolerant rootstock (Ahamad, 1999) etc. For explaining drought tolerance
mechanism in rubber tree, hydraulic mechanisms were also used (Ayutthaya et.
al., 2011). The research on drought tolerance mechanism research on rubber tree
focussed mainly in the area of physiological response and anatomy (Nair et. al,
1996). During the growth and developmental stages of rubber tree the effect of
drought varied on different physiological metabolism (Devakumar et. al, 1988).
Osmoregulation, laticifer turgor pressure (Ranasinghe and Milbum, 1995),
transpiration coefficient (Nair et. al, 1996), membrane integrity, low solute
potential (Ayutthaya et. al, 2011) were related to the drought tolerance potential
in rubber trees. In plant seedlings drought significantly reduced the relative
growth rate and RWC, and inhibited photosynthesis (Li et. al, 2011). Drought
stress adaptation was reported to be a complex process involved in antioxidative
enzymes, energy biosynthesis and osmoregulation related genes in chloroplasts

and mitochondria in rubber tree seedling (Li-feng Wang, 2014).

The impact of uncertain weather pattern will be more pronounced during
the early establishment and growth of young rubber plants. Monsoon season is
the ideal plantmg season in the traditional rubber growing region in South India.
In recent years uncertainty in rainfall and high temperature are making difficult
for scheduling various farm operations like planting. Occurrence of unexpected
dry spells and bright sunny days with high temperature during monsoon season
increased casualty in young plantations. Increasing temperati”e and soil moisture
deficit during summer m traditional rubber growing areas are major constraints

for survival of young plants. In a recent survey conducted in central part of
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Kerala it was observed that in addition to the recommended management
practices like mulching and shading, life saving irrigation was being increasingly
practiced. During summer (2010 March/April) almost 18% holdings in which
planting were taken up in 2009 were irrigated (Jessy et. al, 2010). Life saving
irrigation was not a usual practice in the traditional rubber growing regions until
very recently. However, in recent times farmers started practicing life savmg
irrigation to save their young plants from adverse drought conditions.
Chlorophyll bleaching and leaf scorching were observed in unirrigated plants

whereas growth was much better in irrigated plants.

Various physiological, biochemical and molecular studies were
conducted in different clones of rubber to identify the stress tolerant clones and
also to identify the factors contributing to drought tolerance. Most of the studies
on mechanism of drought tolerance in rubber plants were carried out in young
plant. The stress tolerance traits in one-two year’s old plants were analyzed by
various photosynthetic parameters. There was a significant reduction in
photosynthetic oxygen evolution rate, maximum potential quantum yield of
photosystem 1l (PS Il), effective quantum yield of PS Il ($PS II) and
photosynthetic electron transport rate in the leaves of drought imposed plants
(Annamalainathan et. al., 2006). However, the clones, such as RRII 430 and
RRIM 600 showed relatively small inhibitions in OPSII and photosynthetic rate
as compared to other clones (Annamalainathan et. al, 2010). This is attributed to
their inherent tolerant characters. Gas exchange and fluorescence studies also
revealed that the clone RRII 430 is more likely to endure drought stress than the
other RRII 400 series (Sumesh et. al, 2011). The optimum temperature for
photosynthesis in Hevea ranged from 27 to 33®C and there was very severe
inhibition in photosynthesis at temperatures below 10°C and above 40°C
(Zongdao and Xuequin, 1983). Water use efficiency is another parameter studied
in many clones. RRIM 600 and RRII 430 are physiologically better adapted and

can withstand water stress for a relatively longer period of time.

In grown up trees the drought induced yield reduction was more
pronounced in non-traditional areas than traditional rubber growing regions in
India. The summer yield depression m traditional areas was reported to be 30-

50% of annual yield in the clone RRII 105. In Konkan region, a very drought
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prone area in India where rubber is cultivated, rubber yield during summer
months was only 10% of the total yield obtained for the whole year
(Chandrashekar e/. al, 1990).

Severe inhibition of photosynthesis, transpiration and increased stomatal
resistance were observed due to soil moisture deficit in sub-humid rubber
growing regions (Mohankrishna et. al, 1991). High light intensity inhibited
photosynthesis in the drought stressed Hevea leaves. Leaf photosynthesis rates
were higher when measured at sub-saturating than at saturating light intensities
in the cold stressed and drought stressed Hevea leaves (Devakumar et. al., 1999).
Therefore, it appears that the shaded leaves in the canopy contribute to the total
carbon balance of the plantation more than the exposed leaves during stressful
environmental conditions (Devakumar et. al, 1999). Shading young Hevea

plants exposed to severe environmental stresses is therefore highly advisable.

Severe inhibition in metabolic activity of clone RR 11105 during drought
stress was reported on biochemical investigations by Sreelatha et. al, (2007).
Sumesh et. al, (2011), by measuring gas exchange parameters under drought
stress reported RRIM 600 to be less inhibited and RRII 414 to be severely
affected. Gene expression studies of few drought responsive transcripts in young
Hevea clones identified MAPK to exhibit a strong association with drought
tolerance (Luke et. al, 2015). Recent expression studies on MicroRNAs
(miRNA) of H brasiliensis imder drought stress identified a novel miRNA,
HbmiRn_42 that got upregulated in tolerant clones indicating the strong

association of it in drought stress tolerance (Kumvilla et. al, 2016).
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2.4. Proteomic acclimation to drought stress in plants

Profound changes in proteome composition occur while plants
acclimatize to environmental stress. Being directly involved in plant cell
structure and metabolism proteins represents a crucial component of plant stress
response. Proteins are products of genes and they are much closer to the resulting
phenotype as they act as direct effectors of phenotype. The changes that occur in
the cells of plants that are subjected to stress ultimately depend on the synthesis,
modifications and interaction of proteins participating in various metabolic,
biosynthetic, degradation and signaling pathways (Hakeem et. al, 2012; Han et.
ai, 2014; Hu et. al, 2015). Crops may modulate the abundance of candidate
proteins, either by synthesizing novel proteins or by increasing their expression
primarily related to plant defense system in response to a stress. To unravel the
possible relationships between protein abundance and plant stress acclimation,
functional analysis of translated regions of the genome is necessary and one of
the best options to make it possible is through proteomics techniques. Studies on
the gene expression pattern, proteomics and transcriptomics have identified the
regulation and activation of several drought stress-related transcripts and
proteins, which are broadly classified into two groups viz. flmctional proteins and
regulatory proteins. Proteins that probably function in protecting cells from
dehydration are included in the group of functional proteins while those involved
in regulation of signal transduction and transcription as part of drought response
are included in regulatory proteins (Shinozaki et, al., 2003). From a molecular
point of view drought tolerance mechanism involves major regulatory and
flmctional proteins. Functional proteins involve protective proteins such as LEA
and heat-shock proteins and enzymes associated with the synthesis of
osmotically-active compounds, ROS (reactive oxygen species) scavengers,
osmolytes like fructan, proline, trehalose, glycine betaine, polyamines and
mannitol (Wani et. al, 2016). Differential expression of proteins occurs in
different plant organs under drought which show distinct responses (Hao et. al,
2015). Further studies to elucidate molecular regulatory mechanism of drought

tolerance are also made possible through proteomics.
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2.4.1. Protective Proteins: LEAs, HSPs and other Chaperones:

LEA proteins constitute a diverse group of families of hydrophilic
protective proteins whose expression was first described during seed maturation
(Galau et. al, 1986). Their intracellular accumulation occurs in response to
abiotic stress condition such as drought and cold (Battaglia et. al, 2008). LEA-
type proteins are encoded by ERD (early responsive to dehydration), RD
(responsive to dehydration), COR (cold regulated), KIN (cold inducible) and
RAB (responsive to ABA) genes in different plant species (Shinozaki and
Yamaguchi-Shinozaki, 2000; Zhu, 2002). LEA is assumed to perform theu-
protective role due to their hydrophilic nature which give these proteins with the
capacity of sequestering ions that are concentrated during cellular dehydration
and also to perform chaperone-like function by retaining water molecules which
helps in preventing protein aggregation and protecting cellular components from
denaturation and inactivation during water deficit situation (Bartels and Sunkars,
2005; Vinocur and Altman, 2005; Goyal et. al, 2005).

Heat shock proteins were first discovered by the Italian Scientist
R. Ritossa on gene expression of the puffing in the chromosomes of Drosophila
melanogaster after exposure to heat (Al-whaibi, 2011). On the basis of theu*
approximate molecular weight heat shock proteins in plants have been classified
into (i) Heat shock proteins 100 kDA i.e., HSP 100, (ii) HSP 90, (iii) HSP 70,
(iv) HSP 60 and (v) small heat shock proteins (sHSPs) where the molecular
weight ranges from 15 to 42 kDa (Schlesinger, 1990; Schoffl et. al, 1998; Kotak
et. al, 2007). The HSP family in plants is larger in comparison to all other
kingdoms probably due to the reason that plants have better adapted to a wide
range of stresses. Heat shock proteins production is one of the prominent
responses of virtually all cells under high temperature conditions. These proteins
were first discovered in cells that were exposed to high temperature and hence
were named as heat shock proteins. HSPs expression is transcriptionally

regulated mostly by Heat Shock Factors (HSF) (Augustine, 2016; Marco et. al,
2015).
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Table 2.1. Five major classes of plant HSPs/molecular chaperones and their
subfamilies (Wang et. al, 2004)

Classes Representative
members
HSP70Subfamily:
Dnak Hsp/Hsc70
Hsp70
Bip
HSPIIO/SSE Hsp9l
Chaperonin/
HSP60
Subfamily:
Group 1 Cpn60
Group 1L CCt
Hsp90
AtHsp90-1
HSP90 AtHsp90-5
AtHsp90-6
AtHsp90-7
HSPIOO/Clp HsplOO
Subfamily:
ClpB, CIpA/C
Class & ClpD
ClpM, CIpN
Class It g P
ClpX, ClpY
SHSP Subfamily:
| Hspl7.6
n Hspl7.9
in Hsp21
Hsp26.2
v Hsp22
\Y/ Hsp23
Vi Hsp22.3

Intracellular
Localization

Cytosol

Chloroplast,
Mitochondria

Endoplasmic
Reticulum

Cytosol

Chloroplast,
Mitochondria

Cytosol

Cytosol
Chloroplast

Mitochondria

Endoplasmic
Reticulum

Cytosol,

Mitochondria
Chloroplast
Chloroplast

Cytosol

Cytosol
Chloroplast

Endoplasmic
Reticulum

Mitochondria
Membrane
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Major functions

Preventing
aggregation,
assisting
refolding,
protein import
and
translocation,
signal
transduction, and
transcriptional
activation

Folding and
assisting
refolding

Facilitating

maturation

of signaling

molecules,
genetic buffering

Disaggregation,
unfolding

Preventing
aggregation,
stabilizing non-
native
proteins

Reference

Boston et.
al,
1996;
Vieriing
1991;
Morimoto
1998.

Boston et.
al.,
1996;Hartl
1996;
Morimoto
1998.

Boston et.
al.,
1996;
Young
et. a/.,2001;
Krishna
and Gloor
2001.

Schirmer
et. al.. 1996 ;
Goloubinoff
et. al., 1999

Waters et.
al.,
1996 ;
Boston
et. al.. 1996;
Vieriing
1991
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Molecular chaperones is another name given to heat shock proteins,
which bind and stabilize proteins at various intermediate stages of its formation
and also helps in assembly, folding, degradation and translocation across
membranes. The role of HSPs in heat tolerance also been shown in mutant or
transgenic plants (Kotak et. al, 2007). Induction of HSPs by water stress in
several plants has also been reported (Bartles and Sunkar, 2005) and it has also
been reported that plants vary greatly in the type of HSPs as well as in the
amount of expression (Hamilton et. al, 1996). Table 2.1 summarizes the five
major classes of HSPs and their subfamilies in respect to plant tolerance to

various stresses.

In addition to the major families certain other proteins are also reported
with chaperone fimctions such as protein disulfide isomerase and
calnexin/calreticulin assisting in protein folding in the endoplasmic reticulum
(ER). Molecular chaperones/HSPs are located in both cytoplasm and organelles,

such as mitochondria, chloroplast, nucleus and ER (Augustine, 2016).
2.4.2. Role of heat-shock proteins

The function of any protein is determined by virtue of its formation and
folding into 3D structures (Levitt et. al, 1997). For the formation of 3D structure
50% of principle amino acid sequence is required (Dobson et. al, 1998). This
shows the importance of the role of HSPs in folding of other proteins. HSPs are
induced by heat or any other stresses at any stage of plant growth and are usually
cytosolic proteins which play a major fimction in various intracellular processes.
The key steps for the survival of a cell under stress rely on maintaining the
proper conformation of the protein and also by preventing the aggregation of
non-native proteins. HSPs in normal cellular processes are responsible for
protein folding, degradation, translocation and assembly, stabilizing proteins and
membranes, and during stress condition, they assist in protein refolding. Stresses
including high temperature make it more difficult for proteins to form proper
tertiary structures and it may also result in unfoldmg of some aheady structured
proteins. When left uncorrected it may form aggregates resultmg in the death of
the cell. To deal with these HSPs gets mduced rapidly at high levels (Wang et.

al 2004). Re-establishment of protein conformation and thereby cellular
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homeostasis is achieved by HSPs and thus playing a crucial role in protecting the
plants against various stresses. Based on earlier reports the role of HSPs can be
categorized into three: (i) refolding of denatured proteins; (ii) participation in the
finalization of newly synthesised proteins; (iii) removal of aggregated protein
(Trent, 1996). Moderate to low level expression of HSPs under normal condition
is also observed because of their essential roles they play in protein maintenance,
such as proper folding of new'ly synthesised protein. Studies have also proved
that HSPs are involved in maintenance of membrane integrity during stress
(Tsvetkova et. al., 2002). Altering the biochemical process is the way by which
HSPs gets involved in drought adaptation (Iba, 2002). An illustration of part of

chaperone machine that operate in the cytosol is depicted in (Fig 2.2).

A co-translational folding D Disaggregation
AQP ,
o iTddvig
HspT@
ATP
Hsp40 nbosofn*

lold«d pdypephdM

Fig 2.2. Illustration of part of the chaperone machines that operate m the cytosol
(Panaretou and Zhai, 2008).
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2.4.3, Discoveryof SHSPs:

Small heat shock proteins (SHSPs) were identified initially as ones
having a relatively small subunit sizes in Drosophila melanogaster, in
comparison with those 'larger' ones such as HSP60. HSP70, HSP90 or HSPIOO
family members. sHSPs were actually also detected during initial attempts to
identify newly synthesised proteins from the tissues or individuals of the fruit fly
Drosophila upon heat shock treatment (Tissieres et. ai, 1974; Lewis et. al,
1975; Koninkx, 1976). By fingerprinting analysis of trypsin-cleaved peptides
four different forms of small heat shock proteins of 27, 26, 23 and 22 kDa were
then clearly distinguished from Drosophila tissues (Mirault et. ai, 1978). The
DNA fragment encoding these four HSP genes located at chromosomal
subdivision 67B were isolated and sequenced and it was revealed that their
predicted amino acid sequences were homologous to each other and also to that
of the mammalian a-crystallin proteins known to be richly present in the eye lens

and to form large oligomers (Ingolia and Craig, 1982).

Later proteins homologous to the fruit fly sHSPs and mammalian a-
crystallins were subsequently identified from such species as bacteria (Booth et.
al., 1988; Nerland et. al., 1988; Verbon et. al.. 1992; Lee et. ai. 1992; Allen et.
ai. 1992), higher plants (Key et. ai. 1981; Nagao et. ai, 1985), and animal
(Russnak et. ai, 1983). Though amino acid sequences among HSP70s and
HSP60s showed high level of conservation that for sHSPs was found to be far
less pronounced (de Jong et. ai, 1993; Sauer and Durre 1993). sHPS from
different sources have been commonly found to be present as large insoluble heat
shock granules which are resistant to detergent extraction in the nucleus under
heat shock conditions, they were found to be soluble and perinuclear-located
before or after the heat shock treatment (Collier et. ai, 1988; Arrigo et. ai,
1988). These proteins were found to form large dynamic oligomers (Arrigo and
Welch, 1987; Behlke et. ai. 1991) and to suppress the aggregation of unfolded
client proteins they exhibit chaperone-like activities under in vitro conditions
(Horwitz 1992; Jakob et. ai, 1993; Chang et. ai, 1996). Nevertheless, as for

many proteins in living organisms, the actual function of this family of proteins,

has been elusive.
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2.4.4. sSHSPs from plants:

All organisms respond to heat stress by elevating the transcription and
translation of genes coding for ‘lieat shock proteins” (HSPs). In higher plants the
first observations of HSP synthesis were reported for tobacco and soybean
(Barnett et. al, 1980; Key et. al, 1981). From the initial studies on HSPs in
plants it was known that plants synthesise a very large number of HSPs with
molecular weights ranging between 15 and 25 kDa (SHSPs) when compared to
Drosophila, Saccharomyces cerevisiae, bacteria and humans. In plants, the
MRNAs that code for sHSPs were produced at much higher levels during heat
stress, that cDNAs encoding these SHSPs were among the first gene sequence
cloned from plants (Schoffl and Key, 1982). Along with the numerous sHSP
mRNAs the accumulation of mMRNAs encoding members of the HSPIOO/ClpB,
HSP90 and HSP70 families is apparent. This abundance and diversity of small
heat shock proteins in plants has made their function and evolution of
considerable interest. In plants the first sequences of SHSPs were obtained in
1985, and the data revealed that the proteins were homologous to SHSPs that had
already been characterized from Drosophila, Xenopus and C. elegans (Nagao et
al, 1985). The common feature of all SHSPs is a 90-100 amino acid conserved
C- terminal domain called the a-crystallin domain (ACD), related to a domain
from the vertebrate a-crystallm proteins of the eye lens (Ingolia and Craig,
1982). Now sHSPs are known to be present in all domams of life. Knowledge on
the origins and diversity of the sHSPs in plants has been gained in subsequent
decades of research. sHSPs in metazoans are found primarily in nucleus and
cytosol while plant sHSPs are also present in these compartments, and in
addition, nuclear-encoded plant SHSPS have been characterised that are targeted
to chloroplasts (Vierling et. al, 1988; Waters and Vierling, 1999a; Van Aken et.
al, 2009), mitochondria (Lenne et. al, 1995; Van Aken et. al, 2009),
endoplasmic reticulum (Helm et. al, 1995), the nucleus, and peroxisomes
(Scharfet. al, 2001; Ma et. al, 2006). Drosophila is the only organism other
than plants known to have organelle specific SHSP which is reported to localize
to mitochondria (Wadhwa et. al, 2010). Cytosolic sHSPs of angiosperms are
further grouped into five or more families that originated hundreds of millions

years ago and show evidence of continued diversification (Waters and Vierling,
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1999b; Waters et. al, 2008; Siddique et. al, 2008; Lopes-Caiter et. al, 2013).
The evolution of the diverse land plant SHSPs has been driven by the sessile
nature of plants preventing them from escaping unfavourable climatic constraints
potentially counteracted by sHSP function (Santiianagopalan et. al, 2015). All
SHSPs are grouped together as ATP-independent molecular chaperones which
are proposed to prevent irreversible aggregation of stress-sensitive proteins is
exactly how they function and what these proteins protect is far from determined
(Basha et. al, 2012).

The sHSPs are not capable to refold non-native proteins (Ehmsperger et.
al, 1997; Lee et. al, 1997; Veinger et. al, 1998; Lee and Vierling, 2000) but
have a high capacity to bind non-native proteins, probably through hydrophobic
interactions (Reddy et. al, 2000), and thereby to stabilize and prevent non-native
aggregation, facilitating their subsequent refolding by ATP-dependent
chaperones such as DnaK system or ClpB/DnaK (Mogk et. al, 2003). SHSPs are
the most prevalent in plants among the five conserved families of HSPs
(Vierling, 1991). There are six recognised sub families of SHSPs in plants which
are highly expressed (Waters et. al, 1996). Multiple SHSPs are synthesised by
plants encoded by these six nuclear multigene families; and each gene family
encodes proteins found in a distinct cellular compartment such as cytosol,
mitochondria, chloroplast and endoplasmic reticulum (Waters et. al, 1996). 13
different sHSPs are grouped into six classes in Arabidopsis based on their
intracellular localization and sequence relatedness. Multidomain proteins that
contain one or more regions with homology to the ACD containing proteins were
also identified and these were coded by six open reading frames (Scharfet. al,
2001).

sHSPs in plants respond to a wide range of abiotic stresses including
heat, cold, salinity, drought and oxidative stress. Hence it is suggested that there
exists a strong correlation between sHSP accumulation and tolerance of plants to
stress. Arabidopsis thaliana heat shock protein 25.3 (At25.3), was the first
organelle-targeted sHSP recognized (Vierling et. al, 1986; 1988), and was
considered as the only chloroplast targeted protein. However, recent studies
report that At23.5 and At23.6, which were originally defined as mitochondrial

proteins is to be targeted to chloroplasts as well (Van Aken et. al, 2009).
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Mitochondrial sHSP in maize (msHSP) were shown to be involved in the
protection of NADH: ubiquinone oxidoreductase acivity (Complex I) during
salinity stress with improved mitochondrial electron transport, though they failed
to protect enzymes associated with Complex Il (Hamilton and Heckathom,
2001). Chloroplast sSHSPs importance was reported {nAgorstis stolonifera grass,
from which sHSP26.2 was isolated from a heat-tolerant variant, an identical
SHSP, sHSP26.2m, with a point mutation that generated a premature stop codon
was isolated from the heat sensitive variant that failed to accumulate upon heat
stress (Wang and Luthe, 2003). sHSPs which were discovered to be induced by
heat stress, the patterns of expression of sHSP are much complex and vary
between organisms and developmental stages. Though majority of SHSP genes in
Arabidopsis show dramatic increases in transcription at elevated temperatures,
Atl4.7, Atl5.4 and At21.7 show no response at all to heat (Siddique et. al,
2008; Waters et. al, 2008). Data on gene expression studies increases in specific
SHSP transcripts under other abiotic stress conditions, in response to biotic
stress, m organ specific patterns and in normal development (Siddique et. al,
2008; Waters et. al., 2008; Giomo et. al., 2010; Lopes-Caiter et. ai, 2013). SHSP
expression in the absence of stress during seed development where transcription
and accumulation of class | proteins has also been observed (Almoguera and
Jordano, 1992; Coca et. al, 1994; Wehmeyer et. al, 1996; Wehmeyer and
Vierling, 2000; Reddy et. al, 2014). But till date it has been difficult to link
sHSPs directly to any form of stress tolerance in seeds (Tejedor-Cano et. al,
2010; Personat et. al, 2014). SP family of proteins (Wang et. al, 2002), another
class of stress-associated proteins was also discovered which shares some of the
features of SHSPs, yet have additional characteristics and functions. SHSPs being
abundant in plants which fimctions in binding and stabilizing denatured proteins
suggest that these SHSPs play an important role in plant-acquired stress tolerance
(Waters et. al, 1996; Sun et. al, 2002; Wang et, al, 2003).
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2.4.5. Functions of plant sHSPs:

Various studies have been conducted to test if plant SHSP expression can
provide stress tolerance in v/vo, both in E.coli and plants. From a variety of
species the cytosolic class | proteins are reported to enhance survival of E.coli
cells treated at 50“C for varying periods of time (Table 2.2). Further studies have
extended these observations to include some degree of tolerance to cold, osmotic
and salinity stress. A recent study has also reported that the expression of a

mitochondrial sHSP in E.coli imparts with tolerance to salt and arsenic

(Table 2.2).

Table 2.2. Phenotypes of Escherichia coli cells expressing plant SHSPs
(Santhanagopalan e/. al, 2015)

Plant SHSP Class Phenotype Reference
species
Oryzasativa (rice)  Osl6.9 I Heat tolerance Yehei. a/., (1997)
Castanea sativa Cl75 | Tolerance at 50 °C and Soto et. al.,
sl7.
(chestnut) 4°C (1999)
Nicotiana tabacum Tolerance to 50 °C Joe et. a/.,(2000)
Ntl8.3 |
(tobacco)
Nicotiana tabacum NHS.0 | Tolerance to 50 °C Smykal et.
tlS.

(tobacco) al.,(2000)
Oryza sativa (rice)  Osl6.9 | Heat tolerance Yeh et. al. (2002)
Rosa chinensis Heat, salt, oxidative Jiang et. al.,

Rcl7.8 | stress
(rose) tolerance (2009)
Daucus carota | Enhanced viability at 2 Song and Ahn
Dcl7.7 |
(carrot) °C (2010)
Daucus carota Salt tolerance Song and Ahn
Dcl7.7 |
(carrot) (2011)
Medicago sativa ) Salt and arsenic Lee et. al., (2012)
Ms23.0 Mite

(alfalfa)

tolerance

Many plant species were transformed to constitutively express specific

sHSPs using the 35S promoter to drive expression of the transgene (Table 2.3).
Certain reports indicate that the resulting increased level of SHSPs in the absence

of stress do not have any major effect on growth of the plants tiiough specific
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data are not provided. Many experiments were performed with class | cytosolic
proteins, with reports of enhanced tolerance to drought, heat, NaCl, mannitol and
H202. Chloroplast sHSP over-expression has been linked to cold, heat and
oxidative stress tolerance, as well as enhanced differentiation of chromoplasts
from chloroplasts. Class Il cytosolic sHSPs has also been indicated in few
studies that contribute to drought, heat, salinity and oxidative stress tolerance
(Table 2.3). The tests of stress tolerance in majority of the over-expression
studies have been restricted to germination or to young seedlings, and to a very
limited range of stress conditions. None of these plants were assessed outside
laboratory conditions and to mimic the heat stress that the plants experiences in
field or to assess effects on vyield were not given full consideration

(Santhanagopalan et. ai, 2015).

Studies in plants where sHSP expression is inhibited by antisense RNA
or studies using sHSP mutants or other methods have been limited. Antisense
inhibition of different SHSP expression in different plants such as inhibition of:
class | sHSP in carrot cells, chloroplast sHSP in Arabidopsis, mitochondrial
SHSP in tobacco seedlings was found to have different phenotypic effects. An
increase in electrolyte leakage after 50°C was observed in carrot cells (Malik et.
ai. 1999). decreased viability after 2 h at 39°C in Arabidopsis (Chauhan et. al..
2012) although no similar phenotype was reported in the Arabidopsis At25.3
mutant (Zhong et. ai, 2013) and reduced survival of seedlings after a 2 h stress
at 46°C in tobacco (Sanmiya et. ai. 2004). All these studies involving inhibition
of sHSPs with antisense RNA reports were the results obtained from only a
single stress condition. To determine if these SHSPs had overlapping functions in
other processes, attempts were also made to generate double mutants but the
results were not fruitful. In a nut-shell these in vivo studies, along with the
diverse patterns of expression of sHSPs and their evolutionary conservation
indicate that these proteins have much diverse roles in plants. However, the
potential mechanisms that could be responsible for the protective effects
observed in plants or cells that over-express sHSPs or the loss-of-flinction

phenotypes in SHSP mutants remains undetermined.
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Species transformed

Daucus carota (carrot)
Solanum tuberosum
(potato)

Oryza sativa (rice)
Arabidopsis thaliana

Arabidopsis thaliana

Arabidopsis thaliana

Nicotiana tabacum
(tobacco)

Oryza sativa (rice)

Arabidopsis thaliana

Lactuca sativa

(lettuce)

Arabidopsis thaliana

Review ofLiterature

Table 2.3. Studies of SHSP overexpression in transgenic plants (Santhanagopalan et. al, 2015)

sHSP
Carrot Del7.7

Carrot
HisDcl7.7°

Rice Os17.7

Rose Rcl7.8

Rose Rcl7.8

Opuntia
streptacantha
OslS.O

Zea mays
Zml6.9

Rice Os17

Arabidopsis
Atl7.8-HA'

Arabidopsis
Atl7.8-HAS

Arabidopsis
Atl7.7A

Class

1

Phenotypes

Reduced electrolyte leakage of leaves incubated at 50 ®C (AS’ -
increased electrolyte leakage)

Reduced electrolyte leakage of leaf pieces at 47 ®C. 4 h: more tuber
production in vitro at 29 ®C

10 day seedlings could re-grow after 6 days no H20 (soil: -15 MPa),
or 3 days in 30 % PEG

10 day seedlings, enhanced survival after 45 ®C, 2 h; 4 week old
seedlings less electrolyte leakage (45 °C,2 h)

9 day old seedlings had longer roots on mannitol; 4 weeks old plants
15 days no H20 had more siliques, higher fresh wt on recovery

Enhanced germination rate in NaCl (125-175 mM), glucose or
mannitol (6 or 7 %), ABA(3-9 uM); enhanced plant survival of NaCl
(150 mM, 14 days), mannitol (5 %, 21 day)

Enhanced germination after 40 ®C, 10 days or H202 (5 mM.
20 days); increased root length in 7 day old seedlings 40 ®C, 9 h or
H202 ; minor decrease in oxidative stress markers

Enhanced germination, longer roots on NaCl (100-150 mM) or
mannitol (50-150 mM); enhanced seedling survival to NaCl
(200 mM. 24 h) and air exposure (9.5 h), less oxidative stress on
PEG (3 days, 20 %) NaCl (200 mM)

Sensitivity of germination and reduced root growth on ABA (3 uM,;
12 uM); reduced water loss of detached leaves

Sensitivity of germination and reduced root growth on ABA (3 uM,
12 uM) increased dehydration (3 weeks plants. 4 weeks no H20) and
NaCl tolerance (5 weeks plants, 500 mM NacCl)

Increased plant fresh weight after 17 days w/o H20 or with NaCl
(75 mM)

30

Reference
Malik e/. al, (1999)

Ahn and Zimmerman
(2006)
Sato and Yokoya (2008)

Jiang et. £//.,(2009)

Jiang et. a/.,(2009)

Salas-Munoz e/. a/.,(2012)

Sun et. al..{2Q\2)

Zou et. 4/.,(2012)

Kim et. a/..(2013)

Kim et. a/.,(2013)

Sun et. a/.,(2001)
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Species transformed

Arabidopsis thaliana

Arabidopsis thaliana

Lycopersicon esculentum
(tomato)

Nicotiana tabacum
(tobacco)

Festuca arundinacea
(fescue)

Arabidopsis thaliana

Nicotiana tabacum
(tobacco)

Nicotiana tabacum
(tobacco)

Lycopersicon esculentum
(tomato)

Arabidopsis thaliana

Table 2.3 Studies of SHSP overexpression in transgenic plants (Continued)

SHSP

Neltonbo
nucifere Nnl7.5

Lillium davidii
Ld16.45

Tomato Le21.0
Capsicum
annuum Cp26.0
Rice Os26
Wheat Ta26.0
Capsicum
annuum Cp26.0
Tomato Le25.0

Tomato Le21.5

S. cerevisiae
Hsp26

Class
]

Cplast

Cplast

Cplast

Cplast

Cplast

Mito

ER

n/a

Phenotypes

5 day old seedlings enhanced survival 44 ®C, 60-75 min; better
germination, growth and higher SOD after accelerated ageing
(41 °C, 72 h, 100 % humidity)

Increased germination after 45 ®C (1-2 h) or 1-7 days on NaCl
(100-150 mM). Constitutive increase in SOD and CAT in absence of
stress. Longer roots after 14 days on H202(1—2 mM)

Enhanced PSII activity after 4 ®&then high light; no PSII protection
from heat; enhanced chromoplast differentiation

20 % higher O2evolution after 42 “C, 2 hor 4 °C, 6 h. ~15 % higher
P700 after4 ®C2 h

6 week old plants, methyl viologen or 42 ®C for 12—48 h, 42 ®C,
reduced electrolyte leakage and lipid oxidation, enhanced PS activity

35 ®C2 weeks constant, enhanced fresh wt, germination, seed wt,
PS. (AS - 2 h 39 °C lethal)

4 week old greenhouse plants, 4 ®C for 6 h; enhanced PS activities

Increased seedling survival on plates at 48 ®C, 2 h. (AS - reduced
survival 46 ®@C, 2 h)

14 day old liquid-grown seedlings recovered from 24 h 10 ug/ml
tunicamycin

3 week old seedlings on plates -10 ®C, 2.5 h: higher survival,
>proline, >soluble sugars, >freezing response gene expression

®A S - results from anti-sense inhibition of SHSP expression reported in the same publication
~sHSP was introduced with an N-terminal histidine affinity tag

®HSP introduced with a C-terminal HA affinity tag
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2.4.6. Mechanism of chaperone function of sSHSP:

Based on studies of plant class | sHSPs of wheat {Triticum aestivum)
Tal6.9 and pea {Pisum sativum) homologus protein PsIS.I the current model for
SHSP chaperone activity was defined. Both PsIS.I and Tal6.9 exist as
dodecamers in solution at room temperature like other plant class | sHSPs
(Kirsehner et. al, 2000; Yoon et. ai, 2005; Tiroli and Ramos 2010; Bashaet. al.,
2010). It is suggested that the SHSP oligomers act as reservoirs of the active
dimeric units of the chaperone (van Montfort et. al., 2001; Stengel et. al., 2010).
Generally there are four different regulatory stimuli (i) presence of unfolded or
partially folded substrates; (ii) changes in the environmental temperature or other
stresses; (iii) phosphorylation or more general post- translational modifications
and, (iv) formation of hetero-oligomers affecting the association/disassociation
equilibrium of sHSPs which lead to their activation (Haslbeck et. al, 2015).
Different type of stress can activate the sHSPs by shifting the equilibrium to
dimeric form, which can then bind to unfolded or misfolded proteins. The
activation mechanism appears to be largely dependent on the ratio of SHSP to
substrate and the HSP70/HSP40 system alone is effective in refolding the
substrate proteins only if these sHSPs are present at proper or excess
concentrations, where soluble and well defined sHSP/substrate complexes form.
When substrate proteins are in excess level, SHSPs become incorporated into
aggregates of the substrate protein. Later HSP70/HSP40 and members of the
HSPIOO family becomes necessary for the refolding of the substrates from these
aggregate-like sSHSP substrate complexes (Lee and Vierling 2000; Mogk et. al,
2003; Haslbeck et. al, 2005; Patel et. al. 2014). This process is passive;
indicating that the energy required for performing any conformational changes
necessary for their fimction comes fi:om the ambient environment (McHaourab
et. al, 2009). This is different from the usual mechanism of transferring energy
used by the majority molecular chaperones, and thereby revealing that sHSPs
populate a relatively shallow free-energy surface (Papoian 2008; Zheng et. al,
2012). Fig. 2.3 illustrates how the duneric units of the SHSP become available to
‘stressed’ cellular proteins upon activation of the sHSP. A super-transformer

model illustrating both the dynamic structures of sHSPs and the variable SHSP-
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substrate interactions was proposed recently. According to this model, each
sHSP monomer, like a transformer, is able to adapt different confonnations, and
thereby they can easily assembles into various transformable and dynamic
oligomers (super transfomier) (Fu, 2015). Hence, sHSPs are an excellent
illustration of the idea that protein dynamics are able to regulate and control the

protein function and the mechanism seems to be conserved from bacteria to the

eukaryotes.
Native
protein ~
Denaturing
protein ) SHSP
oligomer
Protein complexed
. with sHSPs
Protein Hsp70
aggregates V'  Hsp40~
ATP
Hsp70
Hsp40
ATP Folded
protein

Hexameric HsplOl

Fig. 2.3. Mechanism of the chaperone function of sHSPs. Under heat stress
sHSPs bind non-native/partially unfolded proteins in an energy-
independent way and keep them in a folding-competent state in
sHSPs/substrate complexes. Subsequently, the substrates are refolded by

downstream ATP-dependent chaperone systems, such as HSP70/40, and
HSPIOO

(Santhanagopalan et. al, 2015)
2.4.7. sSHSPs based markers

In marker assisted selection. DNA-based molecular markers have
been widely explored and implemented in crop improvement programs. Protein-
based marker systems also represent molecular markers which were widely used

long before DNA markers became popular (Langridge and Chalmers, 2004).
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Molecular markers may be coming full circle with protein markers again being
proposed as viable genetic markers for marker assisted selection. Reports on
application of sHSP as biochemical marker against abiotic stress tolerance is
scanty. Sato and Yokoya (2008), over-expressed a rice small heat shock protein
gene sHSPII. 7 in the rice cultivar “Hoshinoyume”. The expression of the SHSP
protein was further analysed by western blotting and reported that the expression
of the protein was higher in three transgenic lines which could regrow after
rewatering after drought imposition in comparison to wild type. In another study
conducted by Chauhan et a/.,(2012) wheat chloroplastic SHSP (HSP26) which is
highly inducible by heat stress was characterized through transgenic approach
using Arabidopsis. The heat inducible protein TaHSP26 over-expression was
analysed in different transgenic lines by western blot analysis. Through genome-
wide expression analysis it was re-confirmed that the tolerance was due to over
expression of TaHSP26. Heat shock protein based markers were exploited much

in animals, but were less reported in plants.
2.4.8. SHSP in Hevea

Annamalinathan et. al, (2006; 2010) studied on the chloroplastic factors
responsible for drought tolerance in Hevea and reported that sun exposed plants
with concomitant drought stress induced a novel 23 kDa chloroplast protein in
young plants of rubber. The protein was identified as small heat shock protein by
LC/MSMS. The findings indicated that sHSP may play a role in drought
tolerance as the more tolerant clones expressed relatively increased amount of
the sHSP. Later, Jun et al. (2015), cloned the sequence of sHSP gene from
Hevea and the deduced protein showed high identity to chloroplast localized
sHSP23.8 and the gene was named as HbsHSP23.8. Real Time RT-PCR analysis
indicated the expression of this gene was regulated by salinity, drought, low
temperature, ethylene and jasmonic acid treatments, indicating the role of
HbsHSP23.8 role in abiotic stress reponses as well as ethylene and jasmonic acid
signals in rubber tree. However there are no reports available on the use of sSHSP

as marker for screening drought tolerance in H. hrasiliensis.
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3.1. INTRODUCTION

Natural rubber (Hevea brasiliensis) is a tree species native to the Amazon
forests. The rubber tree is known as Para rubber plant belonging to the family
Euphorbiaceae. It is the most important commercial source of natural rubber
accounting around 99% of the world’s total natural rubber production. Para
rubber plant is a deciduous tree with orthotropic rhythmic growth where the
mature tree can attain a height of 25 m and can grow on varying types of soils if
deep and well drained. Fairly distributed annual rainfall of not less than 200 cm
and a warm equable humid climate where the atmospheric humidity (RH) might
be around 70-80% and temperature must be about 20-34° C is necessary for the

optimum growth (Jacob et at., 2016).

The traditional Indian rubber plantation industry has been mainly in
Kerala and adjoining districts of Tamil Nadu and Karnataka. This region is
spread across 80° and 120° N latitude between Arabian sea coast and Westem
slopes of Westem Ghats and their foothills. At present about 25 % of arable land
in" Kerala is under this crop and therefore expanding rubber cultivation into
newer areas in Kerala is not advisable or feasible. To meet the growing demand
for natural rubber it has become necessary to produce more rubber by extending
its cultivation to non traditional areas outside the state of Kerala. The Konkan
region of the West coast, the Coromandel coast on the East, Northern West
Bengal and North Eastem states have been identified as potential areas for

rubber cultivation in the country (Hajra and Potty, 1986).

Drought, high solar radiation, low atmospheric humidity, high and low
temperatures, high VPD, poor soils etc are the adverse environmental conditions
which limit the expansion of rubber cultivation to newer area in many rubber
producing countries including India (Sethuraj et. al,, 1989; Samarappuli and
Yogaratnam., 1998; Jacob et. al, 1999). StressM environment caused by the
above conditions is a limiting factor even in traditional rubber growing belt. The
growth and productivity of natural rubber can be influenced by changing climate
in the recent past (Satheesh and Jacob, 2011). Plants being sessile organisms
often expose to adverse climatic conditions in nature. They must cope with

multiple environmental stress factors commonly referred to as “abiotic stress
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which affect every aspects of plant growth; modify plant anatomy, physiology,
biochemistry and gene expression. Increasing spell of drought and uncertain
weather conditions are reality in this changing climatic regimes. Hence in the
present scenario developing smarter and climate resilient clones with increased

tolerance to environmental stresses are highly essential.

Abiotic stress is the primary cause of crop loss worldwide, reducing
average yield for most major crop plants by more than 50% (Wang et. al., 2003)
and drought is probably the largest factor which limits the agricultural
productivity in general and is the most important factor that prevents the
expansion of cultivation of H. brasiliensis to new places in habitat available to
plants. In India drought and high temperature in the North Konkan and chilling
winter in the North East are the two major limiting factors that restrict the
growth and productivity of Hevea (Jacob et. at., 1999). Summer in the North
Konkan can last for more than 6 months from mid-December onwards with
practically no rain during this period. Summer in this region is characterized by
fast depletion of soil moisture, high temperature and very low relative humidity.
The fairly warm air and low atmospheric relative humidity (RH) lead to high
evaporative demand causing atmospheric drought m North Konkan. Both in the
North Konkan and North East the environmental stress' is associated with light
intensities of sunlight, much more than what is required to saturate
photosynthesis of leaves. Excess light can aggravate the harmful effects of

environmental stresses like drought and chilling (Jacob and Nataraja, 1998).

In recent years, it is observed that the stressful environment caused by the
above conditions is a limiting factor, in the traditional rubber growing areas too.
Countries such as India, Thailand and Sri Lanka are experiencing drought stress
in the traditional beUs and this can be a major constraint in the early stage of
establishment of rubber plantations (Samarappuli and Yogaratnam, 1998;
Chantuma et. al, 2012; Jessy et. al, 2014). Though, rubber can be grown
successfully in non-traditional regions with adequate irrigation during summer
period (Vijayakumar et. ai, 1998) availability of irrigation water and labor are

challenging problems in most of the rubber growing countries.
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Manifestations of drought stress include lowering oftissue water content,
decline in leaf water potential causing loss of turgidity, closure of stomata and
decrease in cell enlargement and growth. Severe water stress may results in the
arrest of photosynthesis, disturbance of metabolism and finally the death of plant
(Jaleel et. al, 2009). Most of the field grown plants tolerate stress through many
metabolic adaptations at cellular levels. Plants can tolerate certain level of
environmental stress through modulating there metabolic activities and
developing some defence mechanisms. In general most of the damaging effects
of irradiation and moisture stress to green leaves occur at the chloroplast
membrane and enzyme levels (Oquist et. at., 1995). The PS Il and electron
transport components of thylakoid membranes are the main targets of
photoinhibiton due to the formation of excess active oxygen species during
adverse climatic condition (Demmig-Adams and Adams, 1992; Ashraf and
Harris, 2013). Drought and high light intensity drastically inhibit light reactions
and damage the thylakoid proteins in young plants of Hevea (Annamalainathan
et. al.y 2006). Drought tolerance of crop plants can be considered as the tolerance

ofmoderate level dehydration.

Estimation of typical physiological parameters helps m identifying clones
which can tolerate stress. Chlorophyll content in leaves under stress conditions is
a measure of plant adaptability to high light and drought stresses at leaf level.
One of the basic machineries of photosynthesis is chlorophyll pigments that exist
in all plant tissues (Masinovsky et. al, 1992). Chlorophyll content is a good
indicator of plant health as bleaching of chlorophyll is a consequence of drought
and accompanied oxidative stress. Degradation of chlorophyll occurs when the
absorbed energy is excess than what can be used for carbon reduction (Jacob et.
al, 1999). Leafwater potential ('FI) is another important character that indicates
plant water relation. Plants maintaining better leaf water potential under stress
conditions is a good indicator of stress adaptation. A more negative water
potential is indicative of plants undergoing severe water deficit stress. The health
of photosynthetic systems within the leaf can be measured through chlorophyll
fluorescence by using modulated fiuorometers which are designed to measure
variable fluorescence of photosystem Il. The maximum potential PS Il activity

(Fv/Fm) tests the photosynthetic efficiency m plants since damage to PSII will
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often be the first manifestation of stress in a leaf (Maxwell and Johnson, 2000).
The efficiency of PSII photochemistry is also measured by the parameter $ PSII
(effective quantum yield of PS II) giving the rate of linear electron transport and
hence considered as an indication of overall photosynthesis. CO2 uptake by
leaves will be limited in drought-induced stomata closure. In such cases, there is
an increased susceptibility to photo-damage due to restricted CO2 availability
(Comic and Massacci, 1996). Hence, gas exchange measurements along with the
technique of chlorophyll fluorescence will help to obtain a full picture of the

response of plants towards stress.

Therefore, the objectives of the present study were to assess the clonal
response of young Hevea plants to drought stress by analysing certain crucial
physiological parameters under soil moisture deficit condition like estimation of
chlorophyll and carotenoid pigments, leaf water potential (TI), maximum
potential rate of photosystem |1 (dark Fv/Fm), $ PSII activity (effective quantum
yield of PS II), photosynthetic oxygen evolution rate of leaf and CO2

assimilation (?n) rates.

In order to understand the interactive effects of drought and high
temperature stress on photosynthesis, the popular clone RRII 105 was grown
imder different temperature conditions with and without irrigation inside a plant
growth chamber and various physiological parameters was studied.

3.2. MATERIALS AND METHODS
3.2.1. Screening of young rubber clones against drought stress based on

physiological responses

3.2.1.1. Plant material and growth condition

The experimental plants were raised in polybags at the nursery of Rubber
Research Institute of India (RRII), Kottayam, Kerala. Budded stumps of ten
popular//evea clones, namely, RRII 105, RRII 208, RRII 414, RRII 417, RRII
422, RRII 429, RRII 430, RRIM 600, PB 260, and Tjir 1 were grown m
polythene bags (35 x 65 cm). The polybags were filled with approximately 30 kg
laterite rich garden soil per bag. The plants were grown for one year under
normal field conditions (twenty plants per treatment) with open sunlight. One set

of plants of each clone were subjected to water deficit stress by withholding
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irrigation for 10 days during the rain free summer season for three consecutive
years. Mid-day sun light load was around 1800 |xmol/m'V/s*. A second set of
plants kept as controls were irrigated on alternate days up to field capacity.
Photosynthetic measurements were made in these one year old plants after 10

days ofwithholding irrigation.
3.2.1.2. Measurement of leaf Water Potential (™'1)

The mid-day (12:00 noon) water potential of the leaf from sun exposed
top whorl of irrigated control and drought unposed plants was measured using
PS'FPRO water potential system (Wescor, USA). Psychrometer measures the
water vapor pressure of a solution or plant sample, on the basis of the principle
that evaporation of water from a surface cools the surface. The sample chambers
of Wescor system were taken to the field and collected leaf discs were
immediately transferred to the chambers, transported to lab and then

observations were taken.
3.2.1.3. Measurement of photosynthetic oxygen evolution

The rate of photosynthetic oxygen evolution by leaf discs of freshly
harvested leaf (with an area of 9.2 cm™) was measured at 25RC with a Clark type
oxygen electrode (Hansatech LD 2/2, King’s Lynn, UK). The measurement light
(LED) was achieved using a Hansatech LH 36 light source. To avoid any CO2
limitation, 2% CO2 was generated in the closed chamber using 100 mM
bicarbonate buffer (pH 9.2). The leafdisc was first acclimatized to complete dark
for five minutes to achieve full potential dark respiration. The leaf disc was then
exposed to chosen light intensity (500 jimol/m"V/s'*) using a LED source for 5

minutes and photosynthetic oxygen evolution rate was measured (Walker, 1988).

3.2.1.4. Measurement of photosynthetic CO. assimilation

An infra-red gas analyzer (IRGA), Li 6400 (LiCOR, Nebraska, USA)
was used to measure the net photosynthetic rate (Pn) of the plants. The required
measurement light intensity (500 *mol/m'Vs™ red light + 10% blue light), CO2

concentrations (400ppm) and other environmental parameters were monitored

and controlled.
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3.2.1.5. Assay of quantum yield of PS Il

The chlorophyll fluorescence technique is a simple, non-destructive
method widely used to assess the physiological state of photosynthetic apparatus
during any environmental stress condition (Krause and Weis, 1991). Chlorophy!ll
fluorescence parameters namely, maximum potential rate of photosystem Il (dark
Fv/Fm), minimal (Fo’) and maximal fluorescence under light exposure (Fm’),
effective PSII quantum yield (* PS 1) efficiency of excitation energy capture by
open PS 11 reaction center after exposure to 316 fimole actinic light and electron
transport rate of PS 11 (ETR) were measured by using PAM 2100 and Dual-PAM
100 (Waltz, Germany), (Schreiber et. al, 1998).

3.2.1.6. Statistical Analysis

Two factor ANOVA was performed to test the difference between clones
for various physiological activities. Comparisons were made between clones and

drought effect interactions using DMRT (Duncan’s multiple range tests).

3.2.2. Studies on interactive effects of drought and high temperature in
clone RR 11105 grown under growth chamber conditions.

3.2.2.1.Plant material and growth chamber condition

Budded stumps of a popular clone, RRII 105 were planted in medium
size (25 x 45 cm) polythene bags. The plants were grown under normal field
conditions (twenty plants per treatment) in open sunlight for one year. The plants
were then transferred to a plant growth chamber (M/S CONVIRON, Canada)
and 50% of plants were imposed with drought stress by withholding irrigation
for five days during April-May of the year 2012 and another 50% plants were
kept as irrigated controls. Concomitant with drought condition temperature stress
was also imposed by keeping different sets of plants under 30, 35 and 40°C for 5
days each in separate experiments. The day time light conditions were
400 nmol/m™”/s™* for first two hours (6-8 am) in the morning followed by
800 "mol/m'Vs’ till 2 pm. After noon there was a decline m light intensity to
400 *mol/m'Vs"“ till 6 pm. Night time was maintained without any light inside
the growth chamber for 12 hours (6 pm-6 am). The RH was set at 75 % inside
the growth chamber throughout the study period.
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3.2.2.2. Estimation of chlorophyll

Chlorophyll a, b and total chlorophyll contents were estimated by the
method of Amon (1949). The chlorophylls were extracted in acetone: dimethyl
suiphoxide (1:1) solution. Leaf discs of 100 mg were weighed and put into 11
ratio of acetone: dimethyl sulfoxide (DMSO). It was allowed to stand overnight

with frequent shaking. Filtered supernatant was read at 645 and 663nm.

Calculations:

Chlorophyll a\ ((12.72663)-(2.69a 645y / 1x 1000 X wt (mg)) x Volume
Chlorophyll b\ ((22.9a645)-(a.68 a 66371 « 1000, wt (mg)) X Volume
Total Chlorophyll: ((20.2 a645+8.02a663)/ 1x 1000 x wt (mg)) x Volume
3.2.2.3. Estimation of carotenoids

The carotenoids were estimated by the method of Lichtenthaler (1987).
The total carotenoids were extracted in acetone: dimethyl suiphoxide (1:1)

solution. The following calculations were done using the formula:

Calculation:
({1000xA470)-(1.82xCa)-(85.02xCh))/198

3.2.2.4. Measurement of Leaf Water Potential ('F1)

The water potential of the leaf of the plants inside growth chamber was
measured before sampling by using PSH*PRO water potential system (Wescor,
USA). The sample chambers of Wescor system were taken to the growth
chamber and the collected leaf discs were immediately transferred to the

chambers, transported to lab and then observations were taken.

3.2.2.5. Assay of quantum yield of PS Il

The chlorophyll fluorescence measurements were made in plants grown
in growth chamber following standard technique as proposed by Schreiber et. ai,
(1998). Chlorophyll fluorescence parameters namely, maximal fluorescence

under light exposure (Fm), steady state fluorescence at any given time (Fs) and
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minimal fluorescence immediately after light exposure (Fo), effective PSII
guantum vyield (<I>PS li), efficiency of excitation energy capture by open PS Il

reaction centre were measured by using PAM 2100 (Walz, Germany).

3.2.2.6.Statistical Analysis

The values between irrigated control and drought imposed samples were

tested for significance by student’s t-test.
3.3. Results
3.3.1. Plant material

When the budded stumps of different clones were raised in polythene
bags under nursery conditions unifonn plants were obtained after six months of

growth (Fig.3.1).

Fig 3.1 Young bud grafted plants of Hevea raised in polybags
3.3.2. Measurement of leaf Water Potential ('Ft)

The mid-day among irrigated plants did not show any significant
clonal differences. However, showed significant differences between the
irrigated and drought exposed plants in all the clones. Drought imposed plants
recorded significantly less leaf water potential compared to their irrigated

counterparts. There were significant clonal differences existing among the
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drought imposed plants (Fig.3.2). Clones such as RRIM 600. RRil 429, RRI!
430 and Tjir 1 maintained relatively better after 10 days of withdrawal of
irrigation; whereas, clones, RRIl 105, PB 260, RRIl 414 and RRII 422 showed

more negative leaf water potential indicating their fair degree of susceptibility to

desiccation stress.
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Fig. 3.2. Mid-day leaf water potential of young plants belonging to different clones
of Hevea grown in polybags. Irrigation water was withheld for 10 days in
drought samples. Control plants were irrigated continuously with
saturated soil moisture level.

Values are the means + standard error often replicates. Means in a bar graphfollowed by
same superscript letters are not significantly different according to Duncan's multiple
range test at P<0.05.

3.3.3. Measurement of photosynthetic oxygen evolution

The photosynthetic oxygen evolution rate was measured in leaves of
irrigated and drought imposed plants in the morning hours (9:00 - 10:00 am).
The activity was significantly different among the irrigated plants of various
clones. The rate of activity was significantly less in PB 260, RRII 430 and Tjir 1
than other clones. Under drought condition, the activity was drastically inhibited
compared to their respective irrigated control plants in clones RRIl 105, PB 260,
RRII 414 and Tjirl. But this was relatively less inhibited in RRIM 600, RRII

430, RRII 208 and RRII 429 (Fig. 3.3). The extent of inhibition was moderate in
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clones RRII 417 and RRII 422. Drought exposed plants of RRII 430 recorded
comparatively a small reduction from the saturated irrigation level and recorded

a stable level of activity indicating its inherent tolerance nature.
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Fig. 3.3. Photosynthetic oxygen evolution rate of leaf discs collected from
control (irrigated) and drought imposed (withholding irrigation for 10
days) plants of Hevea.

Vahies are the means * standard error of ten replicates. Means in a bar graph
followed by same superscript letters are not significantly different according to
Duncan's multiple range test at P<0.05.

3.3.4. Measurement of photosynthetic CO 2assimilation

The net photosynthesis rate measured during morning hours (9:00-10:00
am) also showed similar trend as observed for oxygen evolution activity.
However, clones such as RRIi 417 and Tjir 1 recorded very low Pn after
withdrawal of irrigation (Fig 3.4). The drastic reduction in Pn indicated their
relative susceptibility to desiccation stress. Although, clones such as RRII 208,
RRIM 600 and RRIi 430 recorded a significantly lesser rate of Pn than irrigated
controls, they maintained comparatively stable level of photosynthesis than other

clones even after 10 days of drought in presence of high intensity of solar light.
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The drastic inhibition of pholosynthetic CO2 assimilation rate under water deficit
condition also substantiated by the results observed on reduced PSII
photochemistry in the light-adapted leaves (Fig. 3.4) and such reductions may be
a mechanism to down-regulate photosynthetic electron transport to match

decreased CO2assimilation in water deficit plants.
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Fig. 3.4. Net pholosynthetic rate (Pn) of Hevea plants exposed to drought stress
for 10 days by withholding irrigation in polybags. The control plants
maintained with saturated level of soil moisture condition.

Values are the means + standard error of ten replicates. Means in a bar graph
followed by same superscript letters are not significantly different according to
Duncan 5 multiple range test at P<0.05.

3.3.5 Assay of quantum vyield of PS 11

In general the effective quantum yield of PS 11 ((DPSII) showed a greater
decline in all the drought imposed plants when compared to their irrigated
counterparts. The magnitude of inhibition was severe in clones PB 260, RRII
105, RRII 414, RRII 417 and RRII 422. On the other hand clones RRIM 600
and RRII 430 showed relatively better stability in PS Il activity even after 10
days of drought imposition (Fig.3.5). The extent of inhibition was moderate in

RRII 429 andTJir 1
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Fig. 3.5. The effective quantum vyield of photosystem 1L (() PS 1l) in young
Hevea plants exposed to drought stress for 10 days by withholding
irrigation in polybags. The control plants maintained with full saturated
level of irrigation.

Values are the means + standard error of ten replicates. Means in a bar graph
followed by same superscript letters are not significantly different according to
Duncan's multiple range test at P<0.05.

3.4. Interactive effects of drought and high temperature in clone RRII 105
grown under growth chamber conditions.

3.4.1.Effects of drought and high temperature stresses on plant morphology

Different sets of plants were kept at 30, 35 and 40'*C with and without
irrigation for 5 days. Under 30*C there was no much visible difference in the
foliage appearance between irrigated and drought imposed plants except a minor
indication of flaccid leaves. Those plants kept at 35'C showed a slight degree of
chlorophyll bleaching and drooping of leaves at the end of 5" day oi drought. On
the contrary plants kept at 40"C showed a drastic bleaching of leaf lamina,
drooping and defoliation in the lower whorls (Fig.3.6). These observations
indicated high temperature stress aggravates the drought effects in young rubber

plants.
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Fig 3.6. Young plants of Hevea (clone RRII 105) grown in polybags with
saturated irrigation and drought imposed at 40T. Drought was
imposed by withholding irrigation for 5 days inside growth chamber
(M/S CONVIRON, Canada)

3.4.2. Photosynthctic pigments content

The photosynthctic pigments namely chlorophyll a b and total
carotenoids were estimated in irrigated and drought imposed plants at 30, 35 and
40“C. Drought imposed plants showed a marginal decline in chlorophyll a and h
content (Fig. 3.7, Fig 3.8). When the temperature regimes increased from
ambient to 35 and 40*C both chlorophyll a and b contents were drastically
reduced in drought imposed plants. The reduction in the level of chlorophyll a
and b was reilected in total chlorophyll content (Fig. 3.9). There was a drastic
reduction of chlorophyll pigments content at 40'*C than in plants grown at 30 and
35**C. Interestingly there was a marginal reduction of chlorophyll b and total
chlorophyll contents in plants grown at 40*"C even under irrigated conditions.
Carotenoids also seem to be more sensitive to drought coupled with high
temperature conditions. When the growth temperature increased the magnitude

of leaf carotenoid reduction also increased under water deficit condition (Fig.

3.10).
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Fig 3.7.Leafchlorophyll a content of irrigated and drought imposed young plants
of Hevea grown at different temperature (“ C) under growth chamber
conditions.

Vahies are the means + standard error of ten replicates. * indicates the values
are significantly different at 5% level.
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Fig 3.8.Leaf chlorophyll b content of irrigated and drought imposed young plants
of Hevea grown at different temperature C O under growth chamber
conditions.

Values are the means + standard error of ten replicates. * indicates the values
are significantly different at 5Vo level.

48



Chapter 111 Studies on Physiological Traits..

Total Chlorophyll content
Inisated m Droualit

30 35 40
Growth Temp. ®C)

Fig 3.9. lolal chlorophyll contents of irrigated and drought imposed young
plants Hevea grown at different temperature (**C) under growth
chamber conditions.

Values are the means + standard error o ften replicates. * indicates the values

are significantly different at SYo level.
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Fig.3.10. Leaf carotenoids content of irrigated and drought imposed young
plants of Hevea grown at different temperature C C) under growth
chamber conditions.

Values are the means * standard error often replicates. * indicates the values

are significantly different at 5% level.

49



Chapter I11 Studies on Physiological Traits...

3.4.3. Leaf water potential

Leaf water potential was observed in irrigated and drought imposed
plants before photosynthetic measurement and sample collections for
biochemical analysis. When compared to the irrigated plants, there was a decline
(more negative) in leaf water potential in drought imposed plants under all
temperature conditions. High temperature and 407C) grown plants
recorded a drastic reduction in water potential than ambient temperature (30*C)

(Fig. 3.11).

Irrigated m Drought

35 40

Growth Temperature ("C)

Fig 3.11. Leaf water potential (MPa) of irrigated and drought imposed young
plants of Hevea at different temperature (“C) regimes. Drought was
imposed by withholding irrigation for 5 days under growth chamber
conditions.

Values are the means + standard error often replicates. * indicates the values
are significantly different at 5% level.

3.4.4. Photosystem Il Activity
Among the irrigated plants there was no much reduction in (j)PS Il
activity when plants were grown under 30*'C and 35”C. When the plant growth

temperature increased to 40*’C there was a significant reduction in (j)PS Il even in
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irrigated plants. After drought imposition the magnitude of reduction ot <)PS 11

was small at 30~"C and very high at 40**C (Fig 3.12).

Photosystem Il activity

0_/\

30 35
Growth Temperature ®C)

Fig 3.12. Effective quantum yield of PS 11 (()PS 1) in irrigated and drought
imposed young plants of Hevea grown at different temperature (° C) under
growth chamber conditions.

Values are the means * standard error often replicates. * indicates the values
are significantly different at 5% level.

3.5. DISCUSSION

Climate-resilient smart rubber clones need to be developed for expansion
of rubber cultivation to regions where environmental stresses are a limiting
factor. When plants are exposed to abiotic stresses such as drought and chilling
one of the first physiological processes that is inhibited is photosynthesis (Baker,
1996). Drought with concomitant occurrence of high solar light intensity
strongly affects photosynthetic events such as stomatal control of gas exchange,
photosystem 11 (PS 11) photochemical activities and carboxylation reaction in
young rubber plants grown under unfavourable climatic conditions prevailing
mostly in non-traditional rubber growing areas (Devakumar et. al., 1998; Jacob
et. al.. 1999; Chen et. al.. 2010). A decrease in net C02 assimilation is usually
observed under water deficit stress. This inhibition may also result from events
such as inhibition of electron transport activity, limited generation of reducing

power and limitation in overall metabolic activity. Therefore, measurement of
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photosynthesis (Pn) can be used as an indicator of stress effect. The
physiological process of the response to water stress depends upon the severity
and the duration of stress, growth stage at which stress is imposed and the

genotype of the plant (Jaleel et. al, 2009).

There was no significant difference in yL among the irrigated plants when
comparing ten different clones. However, after exposure to drought condition
there was significant difference among the clones. A clone which is able to
tolerate water deficit stress manages comparatively better water relationship
within the plant. The concept of water potential jw) defines the
thermodynamic or energy status of water within the plant (tissues and cells)
and along the soil-plant-atmosphere continuum (Taiz and Zeiger, 1991;
Kozlowski and Pallardy, 1997). The value of Wfwis always negative or near to
zero (in the case of pure water). The gradient of potential is the driving force of
water flow from less negative towards the more negative values across cell
membranes, tissues and in the whole soil-plant-atmosphere continuum.
Comparing seasons, Chandrashekar et. al., (1990) suggested anisohydric
behaviour in Hevea trees under drought condition when leaf \Jwdecreased from
-1.3 MPa in wet season to -1.8 MPa in dry season. The difference could be
related to difference of evaporative demand and magnitude of transpiration.
Additionally, lower values of jjpedaan have been noticed in seasonal drought but
no threshold for water stress or transpiration decline assessed (Chandrashekar,
1997; Gururaja Rao et. al, 1990). Wheat genotypes under drought stress
showed significant differences in water potential as observed by Singh et. al.,
(1990). In the present study clones such as RRIM 600, RR11430 and RRII 208
maintained better leaf water potential than other clones during water deficit
periods. These clones are recently proven to be drought tolerant in field

condition also (Annamalainathan et. al., 2010; Sumesh et. al., 2011).

In the present study ten elite rubber clones were used to screen their
potential against drought stress based on physiological response during their
early growth period. Elite high yielding modem clones namely RRII 105,
PB 260 and RRII 414 were found relatively drought susceptible as observed

from severe decline of PS Il activities, photosynthetic oxygen evolution rate, leaf
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water potential and net photosynthesis under moderate moisture deficit
condition. In contrast, clones such as RRIM 600, RRII 430 and RR11208 could
tolerate moisture stress by maintaining relatively better and stable photosynthetic
activities under similar level of stress conditions. The response of photosynthetic
parameters to soil moisture deficit stress was genotypic specific in these modem
Hevea clones. The most commonly used protocol for measuring
the photosynthetic efficiency of photosystem Il xmder a stress condition is
effective quantum yield of PS II, a crucial factor to analyze the potentials of
PS 11 activity in light exposed plants. It is an indication of the amount of energy
utilized in photochemistry by photosystem Il under steady-state photosynthetic
lighting conditions. The present result demonstrates differential response of
photosystem Il activity to drought associated water deficit and high temperature
stresses in young plants of different clones. The decline in PSn efficiency is
probably a regulatory mechanism serving a photo protective role. Increased
levels of energy dissipation which decrease OPS Il may help to protect PSII from

over excitation and photo damage (Schindler and Lichtenthaler, 1994).

It has been shown that the oxygen evolving complex (OEC) is the most
susceptible component in photosynthetic apparatus to water and high
temperature stresses in many plants (Berry and Bjorkman, 1980). The degree of
susceptibility of RRII 105, a popular high yielding rubber clone in India, to
drought condition has been well documented in many previous studies
(Alam et. al, 2005; Annamalainathan et. al, 2006). Interestingly, a modem high
yielding clone namely, RRII 414 is also shown to be drought susceptible in terms
of severe inhibition of various photosynthetic parameters under stressful growth

conditions.

The magnitude of drought induced damage to the photosynthetic
apparatus was comparatively small in a few clones like RRIM 600, RRI11 430 and
RRII 208. The clones, such as RRIM 600 and RRH 430 have already been
proved to be relatively drought tolerant m terms of photosynthetic performances
under soil moisture deficit conditions in previous studies also (Annamalainathan
et. al., 2010). Gas exchange and fluorescence studies revealed that clone
RRII 430 was more likely to endure drought stress better than the other modem

RRII 400 series clones. In terms of water use efficiency (WUE) smdies in many
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clones RRIM 600 and RRII 430 were found physiologically better adapted and
can withstand water stress for a relatively longer period of time

(Annamalainathan et. at., 2010; Sumeshet. a 1 2011).

hi the study conducted with RRII 105 under growth chamber conditions
drought stress coupled with high temperature resulted in photo oxidation of
chlorophyll and carotenoids pigment (Fig 3.9; Fig 3.10). Drought mediated
oxidative stress and production of reactive oxygen species (ROS) and free
radicals inflict lipid peroxidation and bleaching of pigments in photosynthetic
apparatus (Smirnoff, 1993; Asada, 1999). Carotenoids are the important
accessory pigments of photosystems. A vital role of carotenoids on
photosynthetic tissues is photo protection by quenching the triplet state of
chlorophyll and scavenging for singlet oxygen. This function is associated with
the ability of the carotenoid molecule to participate in photochemical reactions
such as smglet-singlet energy, triplet-triplet energy, oxidation, reduction and
isomerization (Frank and Cogdell, 1993). A second essential flmction of
carotenoids is that of acting as accessory light-harvesting pigments, as their
presence in pigment-protein complexes (PPCs) m the thylakoid membrane
(Young, 1993; Frank and Cogdell, 1993). Carotenoids also play a major role in
dissipation of excess electrons as non-photochemical quenching (NPQ) through
xanthophyll cycle (Demmig-Adams and Adams, 1992). Carotenoids like
P carotene, a key scavenger of reactive oxygen species such as singlet oxygen
and so protect thylakoid membrane from oxidative damage (Young, 1991).
Environmental factors such as light intensity, including sun/shade adaptation,
temperature and photobleaching also have profound effects on carotenoid levels
(Young, 1993). When compared to the irrigated plants, there was a decline (more
negative) in leaf water potential in drought imposed plants under all temperature
regimes (Fig 3.11). Generally high temperature influences the water loss through
elevated transpiration rate, there by more negative tissue water potential. Certain

genotypes maintain better leaf water potential under drought periods.

The photosystem 11 (PS II) activity in chloroplast is known to be a
sensitive photochemical reaction influenced by environmental parameters. In the
present study the PS Il activity was found more sensitive to water deficit with

concomitant occurrence of high temperature (Fig 3.12). The cumulative effects
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of these environmental stresses were obviously seen with young Hevea plants.
Photosynthetic carbon reduction and carbon oxidation cycles are the main
electron sink for PS Il activity during mild drought (Comic and Fresneau, 2002).
Within PS Il the O2 evolving complex proteins are frequently the most
susceptible to heat stress, although both the reaction centre and the light-
harvesting complexes can be disrupted by high temperatures as well (Havaux,
1992). Photosynthesis sensitivity to heat occurs mainly due to damage of
photosystem 1l components located in the thylakoid membranes of the

chloroplast and membrane properties (Al-Khatib and Paulsen, 1999).

The popular Hevea clone, RRII 105, when imposed with drought at
ambient temperature there was no much reduction in photosynthetic pigments
and photosystem Il activity. When the growth temperature increased, there was a
drastic reduction of chlorophylls, carotenoids and photosystem Il activity. The
degree of susceptibility of this clone seems to be higher under the growth
chamber conditions and it indicates that this clone is comparatively drought
susceptible as observed from many studies conducted in traditional as well as
non-traditional drought prone areas of India (Sreelatha et. ah, 2007,
Annamalainathan et. ah, 2010; Thomas et. ah, 2011).
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4.1. Introduction

Higher plants have evolved a variety of strategies to acclimatize to
various kinds of environmental factors including biotic and abiotic stresses.
Reduction in crop growth and productivity is caused largely due to abiotic stress.
Drought and salinity are the major abiotic factors which cause membrane
disorganization, metabolic toxicity, decreased photosynthetic activity, closure of
stomata, generation of reactive oxygen species (ROS) and altered nutrient
acquisition (Hasegawa et. al, 2000). Drought is the most significant
environmental stress affecting the world agricultural production (Tuberosa and
Salvi, 2006; Cattivelli et. al, 2008). The degree of yield loss due to drought
which can occur at any stage of plant growth depends on the intensity, onset time
and duration of stress (Hu and Xiong, 2014). Plants have evolved several
mechanisms to cope up with drought stress such as drought escape via a short
life cycle or developmental plasticity, drought avoidance via reduced water loss
and enhanced water uptake, drought tolerance via antioxidant capacity, osmotic

adjustment and cellular level desiccation tolerance (Zhang, 2007).

Though the responses of plants to drought are relatively well known, the
performance when multiple stresses occur in a more complex environment is
Segmentary. Plants have to respond simultaneously to multiple stresses in the
field such as drought, excessive heat that occurs in the field. Such kinds of
investigations are usually not predictable from single factor studies (Zhou et. al,
2007). Response and adaptation of plants to water deficit occurs at both cellular
and molecular levels by accumulation of proteins and osmolytes specifically
involved in stress tolerance. These kind of stresses induces or represses an
assortment of genes with diverse fimctions (Shinozaki et. al, 2003; Bartels and
Sunkars, 2005; Yamaguchi-Shinozaki and Shinozaki, 2005). The differential
expression of genes leading to changes in transcript and protein patterns occurs
in plants after drought sensing as a result of accumulation of abscisic acid (ABA)
which serves as a signalling molecule (Shinozaki et. al, 2003, Shinozaki and
Yamaguchi-Shinozaki 2007; Hirayama and Shinozki, 2010; Fulda et. al, 2011)
and an adaptive response to various environmental stresses. ABA also induces
gene expression, reduces water loss via transpiration and induces stomatal

closure under abiotic stress condition (Chandler and Robertson, 1994).
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Stress response and tolerance at the cellular level will be the function
attributed to most of their gene products. Drought-specific genes are grouped
into three major categories based on expression studies such as genes with
membrane and protein protection functions, genes involved in signal
transduction pathways (STPs) and transcriptional control, and genes assisting
with water and ion uptake and transport (Vierling, 1991; Ingram and Bartels,
1996; Smirnoff, 1998; Shinozaki and Yamaguchi-Shinozaki, 2000). Metabolic
changes related to protein turnover are usually induced by drought (Bray, 1997).
Proteins that play role in protection function involve enzymes required for the
biosynthesis of various osmoprotectants, late embryogenesis abundant (LEA)
proteins, chaperones, antifreeze proteins and detoxification enzymes whereas
regulatory proteins include transcription factors and protein kinases (Seki et. ai,
2003; Shinozaki and Yamaguchi-Shinozaki, 2000). Dehydrins (DHNSs) or group
2 LEA are a group of heat-stable plant proteins with chaperone like flmctions
produced during late embryogenesis and believed to play a protective role during
cellular dehydration (Close, 1996; Campbell and Close, 1997). Dehydrins are
also referred as RAB proteins (Responsive to ABA) because the expression of

many DHNs increases by the phytohormone ABA (Haninet. al, 2011).

Heat Shock Proteins (HSPs) specified as molecular chaperones for
protein molecules (Schoffl et. al., 1998) increase their expression when cells are
exposed to high temperature or to other stresses (Lindquist, 1986). HSPs
functions in cell vary from protein-protein interactions, folding, assembly,
intracellular localization, degradation or prevention of unwanted protein
aggregation and reactivation of damaged proteins (Vierling, 1991; Parsell and
Lindquist, 1993). Playing an essential role in protein maintenance heat shock
proteins are present in cells under perfectly normal conditions (Demirevska et.
ai, 2008). Induction of HSPs occurs when a cell undergoes various types of
environmental stresses like cold, heat and oxygen deficiency (Feder and
Hofrnann, 1999; Kregel, 2002). Under drought stress cellular ROS needs to be
maintained at non toxic levels and so as to prevent stress injury. Degradation of
ROS is achieved by antioxidants and these include enzymes such as catalase,

superoxide dismutase (SOD), glutathione reductase and ascorbate peroxidase
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(APX) whereas nonenzymes includes ascorbate, glutathione, anthocyanins and
carotenoids (Wang et. al, 2003).

Regulatory protems induced under drought incidence have a major role in
signal transduction pathways (STPs). Drought stress signals are received by
specific receptor molecules which vaiy in identity, structure, perception, signal
relay mechanism and location within the cell and messages are conveyed to the
appropriate downstream components before transcriptional activation of genes
occurs. Secondary messengers involved in plant stress STPs modify these signals
prior to conveying them from receptor molecules to the activators of the
appropriate gene expression pathway pCiong and Ishitani, 2006). Many other
molecules are involved in stress STPs which functions in the recruitment and
assembly of signaling complexes, targeting of signaling molecules and
regulation of signaling molecule life span (Xiong and Ishitani, 2006). The major
molecules involved in stress STPs include receptor molecules/osmosensors,
phospholipid-cleaving enzymes (PLEs), reactive oxygen species (ROS) such as
nitric oxide (NO), hydrogen peroxide (H202), mitogen-activated protein kinases
(MAPK), and Ca2+ sensors (Jewell et. al., 2010).

Adverse environmental conditions such as drought, extremes of
temperaturCj high light intensity etc. are increasingly becoming limiting factors
for cultivation of rubber especially in non-traditional areas. Even in the present
climate warming situations establishment of young rubber plants in the field
become a constraint in traditional regions also (Jessy et. al., 2010). Drought
tolerance is an extremely complex multi-gene controlled physiological process
that is emerging as an important selection criterion in Hevea crop improvement
programmes (Jacob et. al, 1999). Tolerance to drought, high light etc. can be
evaluated in rubber plants using various techniques at leaf level to whole plant
level. There is no single vital parameter that can be used to identify the most
tolerant Hevea genotypes for abiotic stresses like drought. Moreover, any single
trait/mechanism is unlikely to contribute consistently to the relative success and
tolerance of crop plants against any abiotic factor. However, the magnitude and
degree of adaptability to drought stress can be estimated in plants by measuring

various tolerance traits by in-vivo or in-vitro.
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One of the most important heat sensitive physiological processes in
plants is photosynthesis (Crafls-Brandner and Salvucci, 2002). In chloroplast,
photochemical reactions in thylakoid lamellae and carbon metabolism of the
stroma are considered as the primary sites of injury at high temperatures
(Wang et, ah, 2009; Marchand et. al., 2005). Altered structural organization of
thylakoids, swelling of grana and loss of grana stacking under heat stress shows
the susceptible nature of thylakoid membrane (Rodriguez et. aL, 2005; Ashraf
and Hafeez, 2004). As a sensor of environmental changes by both coordinating
the expression of nuclear-encoded plastid—ocalised proteins chloroplasts are

considered to be a key element in plant stress response (Tamburino et. al, 2017).

In the present study we evaluated young plants of elite Hevea clones for
stress responsive protein changes in the photosynthetic apparatus and
implications of such proteins in acclimation and adaptation of rubber plants to
drought. Those proteins responsive to drought stress showing differential
expression in tolerant/susceptible clones were purified by electro-elution and the
homogeneity of the purified protein was further tested by 1-D and 2-D gel

electrophoresis.

4.2. Materials and Methods

4.2.1. ldentification of a Low Molecular Weight (LMW) Protein in Response
to Drought

4.2.1.1. Collection of Leaf Sample for Chloroplast Isolation

Mature leaves were collected from one-year-old polybag plants on the
tenth day of withdrawl! of irrigation and fix)m control (with saturated level of
irrigation). In the case of plants grown under growth chamber, leaf samples were
collected on the fifth day of drought induction. Leaves were stored in deep
fi*eezer (-80°C) until used for biochemical analysis. Chloroplasts were isolated by

the method of Reeves and Hall (1973).
4.2.1.2. Isolation of Chloroplasts

The leaf bits were homogenised with liquid nitrogen in a mortar and

pestle into powder. During grinding a pinch of crystalline PVP was added. The
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powdery samples (3 g) were extracted with 5 ml of ice cold grinding buffer
consisting of 20 mM TrisHCI (pH 7.8),10 mM NaCl, 5 mM MgCh, 350 mM
Manmtol, 2 mM Ascorbate and filtered through four layered cheese cloth and
centrifuged at 800g for 2 min at 4°C. The pellet represented unbroken cells and
tissue was removed and the supernatant was spun at 3500g for 5 min at 4'C and
the resulting pellet was suspended in 1 ml of grinding buffer (pH 7.8) as

chloroplast suspension.
4.2.1.3. Chloroplast Protein Extraction

The chloroplast suspension (1 ml) was made upto 10 ml using 100%
acetone and refiigerated for 1 hr inside freezer followed by centrifugation in
order to remove pigments and lipids. The pellet was later suspended in 10%
TCA (1 ml) for 5 min to precipitate the protem followed by centrifugation and
any trace amount of acidity left behind by TCA was removed by three washing
with 80% ice cold acetone with centrifugations in between. Finally the pellet was
suspended in 3 ml of 100% ice cold di-ethyl-ether to remove fat content followed
by another round of centrifugation. All the above centrifugations were carried
out at 8000g for 10 min and all procedures were carried out at 4°C. The final

pellet obtained was air dried and was used for further analysis.
4.2.1.4. Isolation of Total LeafProtein

Total leaf protein was extracted by the method of Nelson et. al, (1984).
The leaves were homogenised with liquid nitrogen in a mortar and pestle. Leaf
samples were extracted with 3 ml/gm tissue of 18% sucrose (w/v), 0.01 M
MgCh, 0.1 M Tris-HCI (pH 7.8), 40 mM p-mercaptoethanol. The homogenate
was filtered through two layered cheese cloth and centrifuged at 10.00Cg for 15
min and the supernatant contaming total soluble proteins was collected. For
insoluble proteins the pellet was re-extracted with 0.05 volume (relative to
original homogenate) of 2% (w/v) SDS, 6% (w/v) sucrose and 40 mM
p-mercaptoethanol and centrifuged at 15,600g for 15 min to remove remaining
membrane fraction. Both the supernatants were mixed and total protein

concentration was determined by the method of Lowry e/. al, (1951).
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4.2.1.5. Protein Estimation

The chloroplast protein was further solubiHzed in small volume of 10%
SDS and the protein content was determined by the method of LX)wry et. ai.
(1951). In this method, the blue colour developed by the reduction of the
phosphomolybdic phosphotungstic components in the Folin-Ciocalteau reagent
by the amino acids tyrosine and tryptophan present in the protein and the colour
developed by the biuret reaction of the protein with the alkaline cupric tartrate

are measured at 660nm.

The following reagents were used in this method:

Reagent A: 2% Na2C03 in 0.1 N NaOH.

Reagent B: 0.5% copper sulphate {CUSO4.5H20) in 1% sodium potassium
tartrate.

Reagent C: 50 ml of Reagent A + 1 ml of Reagent B prior to use (alkaline copper
reagent).

Reagent D: Folin-Ciocalteau (1:1) with distilled water.

A series of bovine serum albumin (BSA) standards (40 |ig, 80 ~g, 120 g,
160 |ig and 200 ~g) and unknown samples were prepared in dist. water. 5ml of
alkaline copper reagent (Solution C) was added to each tube, mixed well and
allowed to stand for 10 min. To this 0.5 ml of reagent D was added. After
incubation in dark for 30 min at room temperature the absorbance of the solution
was read at 660 nm in a UV-Visible spectrophotometer. Total protein content in

the unknown sample was calculated from the calibration curve.

4.2.1.6. Sodium dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-
PAGE)

Isolated proteins were loaded into a polyacrylamide gel containing an
anioinic denaturing agent (SDS) which linearize proteins and impart a negative
charge to all linearized protein. The proteins were separated in the gel on the
basis of their molecular mass using electrophoresis (Laemmli, 1970). Separation

was carried out in the Broviga electrophoresis device (M/S Broviga, Chennai).
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Glass plate sizes are 18x16x0.1 cm and comb were having twelve wells for
sample loading. For resolving gels, 10% polyacrylamide gel was prepared by
mixing 12.05 ml of water, 10 ml of 30% acrylamide mixture, 7.5 ml of 1.5M
Tris-HCI (pH 8.8), 150 [il of freshly prepared 10% ammonium per sulphate, 300
lil of 10% SDS and 10 Al of TEMED to final volume of 30 ml. The mixture was
poured contmuously mto the thin gap between two glass plates and allowed to
polymerize for 25-30 minutes. Stacking gels, 4% gel was prepared by mixing 5.5
ml of water, 1.35 ml of 30% acrylamide mixture, 3 ml of 0.5 M Tris-HCI
(pH6.8), 50 M of freshly prepared 10% ammonium per sulphate, 100 Al of 10%
SDS and 5 7Nl of TEMED to final volume of 10 ml. The mixture was poured onto
the top of polymerized resolving/separating gel. The comb was placed on the gel
without any air bubbles before polymerization. After polymerization of stacking
gel, the comb was carefully removed from the top of gel. The gel unit Wwas
shifted to a buffer tank and the reservoirs were filled with IX Tris-Glycine
running buffer prepared by mixing 25 mM Tris-HCI, 192 mM Glycine and 0.1%
SDS in distilled water until it reached the filling line level. Sample buffer was
prepared for 10 ml by mixing 2.5 ml of 0.5M Tris-HCI (pH 6.8), 2.5 ml of
p-mercaptoethanol, 2.5 ml of glycerol, 1.25 ml of 1% bromophenol blue and
1.25 ml of dist. water. The 100 g chloroplast protein samples were mixed with
sample buffer. The samples were diluted with sample buffer with the ratio of 1:1
(v/v) and was boiled at 100“C for 3 min, cooled to room temperature and was
centrifuged at 10,000 rpm for 2 min to remove un-dissolved materials if any. The
supernatant was loaded in the gel along with standard molecular weight protein
marker (M/S Genei, Bangalore). Electrophoresis was conducted at constant
voltage of 60V till the dye front crossed the stacking gel followed by constant
voltage of 120V until the blue dye reached the bottom of the gel. Once
electrophoresis was completed, the gel was taken out carefiilly by separating the
glass plates and after carefully removing the stacking layer the separatmg layer

was washed with dist. water and transferred to staining solution.

4.2.1.7. Staining and Destaining

After electrophoresis, chloroplast protems were visualized by soaking the

gel in staining solution containing 0.5 g of coomassie brilliant blue R-250 (CBB)
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in 80 ml of methanol, 100 ml of dist. water and 20 ml of glacial acetic acid for
overnight. The gel was then washed with dist. water and destained using
destaining solution containing ethanol, dist. water and glacial acetic acid in
40:50:10 ratios till the background is clear and appearance of sharp bands. The
electrophorograms were photographed and analysed using gel documentation
system.

4.2.2. Electro-elution of protein from SDS polyacrylamide gels.

Chloroplast protein isolated from control and drought exposed plants was
loaded onto a 10 % preparative SDS polyacrylamide gel with a reference well
holding the standard molecular weight protein marker. After electrophoresis
staining and destaining were performed as mentioned. The gel was placed on a
glass plate on a white paper and using a clean scalpel the desu-ed protein band
was cut off from the gel. The gel slices were washed with 5 ml elution buffer
prepared by mixing 25 mM Tris-HCIl, 192 mM Glycine and 0.1% SDS in
distilled water and was then placed on a piece of parafilm and cut into smaller

pieces to fit in the electro-eluter glass tubes.
4.2.2.1. Protein Elution

Isolation of desired proteins induced by water deficit stress was carried
out using the Bio-Rad model 422 electro-eluter apparatus which can be used to
electro-elute six samples simultaneously. Contamination of the samples was
prevented by wearing gloves throughout the procedure. Membrane caps of
molecular weight cut off 12-15 kDa (clear caps) were used which was soaked in
elution buffer for 1 hr at 60RC. Pre-treatment of membrane caps was not done
when reused. Onto each glass tube a fiit was placed in a way that it is flush with
the bottom of the fi-osted end. The glass tubes with the fiit inside were pushed
into the electro-eluter module so that the open end is even with the top of tfie
grommet. Empty grommet holes if any were closed with stoppers. Pre-wetted
membrane caps were placed onto the bottom of silicon adaptors and the adaptor
was filled with elution buffer and ah' bubbles were removed by pipetting the
buffer up and down. The silicon adaptor with the membrane cap was then slide
down onto the bottom of the glass tube with the fiit. The tubes were then filled

with elution buffer and the pieces of the gel slice were placed inside tubes up to a
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height of 1 cm. The electro-eluter module was placed inside the buffer chamber
and the lower chamber was filled with 600 ml elution buffer so that the level of
buffer is above silicone adaptors and upper chamber with 100 ml. A stir bar was
used to prevent bubbles from sticking to the bottom of dialysis membrane.
Elution was carried out overnight at 10 mA. Once elution was completed the
electo-eluter module was removed and the lower buffer was replaced with fresh
buffer without SDS and elution was continued for another 1 hr to remove SDS
from the collected sample which concentrates in the lower buffer during the run.
After completion of elution the module was removed from the tank and the upper
buffer chamber was drained fu™t. The first glass tube was then removed and the
buffer above the frit inside the tube was pipetted out. The silicone adaptor
together with the membrane was carefully removed from the bottom of the glass
tube. The solution in the membrane cap was pipetted to a microfuge tube. The
membrane cap was carefully rinsed with another 100-200 \i\ fresh elution buffer
without SDS and collected together. Procedure was repeated with other tubes.
All eluted proteins were then spun at 10.000g for 2 min, supernatant discarded
and pellet was retained as piu® protein. To remove colour of dye content the
protein was washed with 0.5 ml of 100% acetone followed by refrigeration for
1 hr and centrifuged at 10,000g for 2 min. To increase sample recovery for
antibody raising the desired protein band were sliced and used from nearly 30-35

SDS polyacrylamide gels and electro-elution was repeated.

4.2.3. Two-Dimensional Gel Electrophoresis (2-D Electrophoresis) of eluted
protein.

Two-dimensional gel electrophoresis (2-DE) is a powerful technique for
high-resolution profiling of low abundance proteins, hi 2-DE protems are sorted
according to two independent properties in two discrete steps: first-dimension,
isoelectric focusing (IEF), where proteins are separated Imearly according to
their isoelectric point (pi); second-dimension, SDS-PAGE, where proteins are
separated according to their molecular weights (Mr, relative molecular weight).
A small fraction of the drought induced stress protein purified by repeated
electro-elution from 10% SDS polyacrylamide gels was subjected to 2-D

electrophoresis using O’Farrell method (1975) to confirm the homogeneity.
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4.2.3.1. Sample preparation and loading

The eluted protein pellet was cleaned up using 2-D Clean-up Kit (GE
Healthcare, USA) following the manufacturer’s protocol. The procedure works
by quantitatively precipitating proteins while leaving behind in solution
interfering substances such as detergents, salts, lipids, phenolics and nucleic
acids. The pellet was resuspended with the lysis buffer containing 7 M urea, 2 M
thiourea, 2% CHAPS, 13 mM DTT, 1% PMSF, 1% JPG buffer of pH 3-10, and
vortexed for thirty seconds with 30-min intervals during the two hour incubation
at room temperature. After centrifugation for 15000 rpm for 15 minutes at 20°C,
protein concentration was determined using 2-D Quant Kit (GE Healthcare,
USA) following the manufacturer’s protocol. BSA was used as the standard.

Concentration ofunknown sample was calculated from the calibration curve.
4.2.3.2. ¥*Dimension- Isoelectric Focusing (TEF)

Immobilized non-linear pH gradient IPG strips were used for separation
of proteins by isoelectric focusing in the first dimension. Rehydration buffer (GE
Healthcare, USA) was used to make the volume up to 150 \i\ of the sample
containing about 50 ~g of eluted stress protein and was subsequently loaded onto
an IPG strip holder with 11 cm, pH 3-10, non-linear gradient ffG strips (GE
Healthcare), and rehydrated for sixteen hours at room temperature. To prevent
from drying the strip was covered with dry strip cover-fluid (GE Healthcare).
After rehydration IEF was performed on the Ettan IPGphorS isoelectric focusing

system (GE Healthcare, USA) under the following conditions:

250 V for 20 min (Linear); 1000 V for 2.5 h (Linear) and a gradient to 10,000 V
up to 40,000 V hrs.

4.2.5.3. Equilibration

After IEF, these strips were equilibrated with 10 ml equilibration buffer I,
containing 375 mM Tris, pH 8.8, 6 M urea, 20% glycerol, 2% SDS, 130 mM
DTT, 0.002% bromophenol blue for 15 min, followed by 15 min incubation in
the equilibration Buffer Il containing 375 mM Tris, pH 8.8, 6 M urea, 20%
glycerol, 2% SDS, 135 mM iodoacetamide, 0.002% bromophenol blue on a

rocker.
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4.2.3.4. 2™* Dimension Electrophoresis (SDS-PAGE)

The IPG strips after equilibration was then soaked in running buffer and
placed on top of a 1.5 mm thick 15% SDS polyacrylamide gel and run in the
Midi system (Bio-Rad). Electrophoresis was carried out at 40 V for 2 h and 80 V
10 fi at a constant temperature of 20 "C. After electrophoresis, for visualizing the

resolved spots, the gels were silver stained.
4.2.3.5. Silver Staining of 2-D gel.

In two dimensional gel electrophoresis, protein spots were visualized by
silver staining of the gel. In this technique the polyacrylamide gel is impregnated
with soluble silver ion (Ag+) and then developed by treatment with a reductant.
Binding of silver ions (Ag™) to the macromolecules in the gel followed by
reduction to free metallic silver (Ag®), which is insoluble, and visible, allows
protein or nucleic acid containing bands to be seen. Metallic silver deposited
initially promotes further deposition in an autocatalytic process, resulting in

exceptionally high sensitivity.

After electrophoresis the gel was removed from the cassette and placed
into a tray containing fixing solution (50% methanol and 5% glacial acetic acid)
for 1 hr which will restrict protein movement from gel matrix and also will
remove interfering ions and detergent from the gel. The fixative solution was
then discarded and washed with dist. water twice for 1 min each. The gel was
then washed with washing solution containing 20% ethanol for 20 min. Washing
solution was changed twice to remove any detergent remaining in gel as well as
fixation acid from the gel. After discarding the washing solution, the gel was
washed with dist.water twice for 1 min each and the gel was then incubated with
constant shaking for 1 min in sensitizing solution containing 0.02% sodium
thiosulphate which will increase the sensitivity and contrast of the staining. After
discarding the sensitizing solution, the gel was rinsed thrice with dist. water for 1
min each. The gel was later stained with chilled staining solution containing
0.1% silver nitrate added slowly through the comer of the tray for 20 min with
constant shaking to allow the silver ions to bind to proteins. The staining solution
was discarded and gel was rinsed gently with dist. water twice for 1 min each.

For visualization of the protein spot, the gel was rinsed shortly with freshly
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prepared developing solution containing 2% sodium carbonate and 0.08%
formaldehyde. After the desirable intensity of the protein spot was obtained, the
reaction was stopped by adding 5% glacial acetic acid to the gel. In all steps

sufficient volume of solutions were used to fully immerse the gel.

4.3 Results
4.3.1. Identification of Low Molecular Weight Stress Protein in Chloroplast

4.3.1.1. Collection of leaf sample and isolation of chloroplast protein.

After assessing various physiological parameters as described in.the
previous chapter mature leaves were collected from control and drought induced
plants and immediately wrapped in alummium foil with proper marking, kept in
ice and carried to lab in an ice-box and chloroplast isolation was carried out.
Chloroplasts were isolated by the process of differential centrifugation as
chloroplast suspension and purification of chloroplast protein was carried out

from this chloroplast suspension.

4.3.1.2. Profiling of chloroplast protein from stress induced and control
plants of Hevea

The chloroplast protein profile in all the clones studied from drought
induced and irrigated control plants, was obtained by coomassie staining of SDS
polyacrylamide gels and a protein of molecular weight approximately 23 kDa
was observed to be over expressing consistently m drought imposed young
plants of various Hevea clones. The water deficit stress imposed plants
accumulated significantly higher level of this stress protein in comparison to the
control plants. The chloroplast protein of 100 ng when resolved on 10% SDS gel
the abundance of this stress protem was very prominent in relatively drought
tolerant clones when compared to their respective urigated counterparts. In the
remaining clones the expression level was within medium to optimum range.
The chloroplast protein isolated from clones RR 11429 and RR 11208 after 5 days
of drought unposition showed that the expression level of the protein on 5* day
was found to be as prominent as on 10% day of drought imposition
(Fig4.1.A,B&C).
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Fig 4.1.(A). Chloroplast protein profile of clones RRIi 417, RRII 422, PB 260
and Tjir 1. The plants were grown with (C) or without (D) irrigation
tor 10 days during summer season. The stress protein 23 kDa is
indicated on the right side along with RuBisCO larger subunit
(55 kDa) and smaller subunit (15 kDa). The molecular weight
markers (STD) are indicated in the left side.
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Fig 4.1.(B).

Identification and Purification...
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Chloroplast protein profile of clones RRIlI 430, RRIi 414,
RRIM 600 and RRII 105. The plants were grown with (C) or
without (D) irrigation tor 10 days during summer season. The
stress protein 23 kDa is indicated on the right side along with
RuBisCO larger subunit (55 kDa) and smaller subunit (15 kDa).
The molecular w™eighl markers (STD) are indicated in the left side.
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Fig 4.1.(C). Chloroplasl protein profile of cloncs RRII 429 and RRII 208. The
plants were grown with (C) or without (1)) irrigation for 10 days
during summer season. The stress protein 23 kDa is indicated on
the right side along with RuBisCO larger subunit (55 kDa) and
smaller subunit (15 kDa). The expression of the stress protein w'as
checked on S* day and indicated as (D 5day). The molecular
weight markers (STD) are indicated in the left side.
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4.3.1.3. Profiling of total leaf protein from stress induced and control plants
of Hevea

Total leaf protein profile obtained from two clones RRil 105 and

RRIM 600 after exposure with 10 days drought stress and irrigated control was

analysed by coomassie staining of SDS polyacrylamide gels. The magnitude of

expression of the stress protein was not as prominent as obtained when

chloroplast protein was resolved on SDS gel from the same clones (Fig 4.2).
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Fig 4.2. Total leaf protein profile from young plants of Hevea (clone RRII 105
and RRIM 600). The plants were grown with (C) or without (D)
irrigation for 10 days during summer season. The stress protein
23 kOa is indicated on the right side along with RuBisCO larger
subunit (55 kDa) and smaller subunit (15 kDa). The molecular weight
markers (STD) are indicated in the left side.
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4.3.14 Profiling of chloroplast protein from water deficit stress induced
plants of Hevea (RKIlI 105) grown under growth chamber
conditions

The chloroplast protein profile of clone RRII 105 grown under growth
chamber condition for 5 days failed to show prominent accumulation of 23 kDa
stress protein under drought condition at all temperature regimes (30, 35 and
40“C). However, the large (55 kDa) and small (15 kDa) subunits of RuBisCO
were shown to be degraded after exposure to high temperature. Even the level of
rubisco was lesser in irrigated control plants grown at all temperature when
compared to irrigated plants of the same clone under nursery conditions (Fig.
4.3). Chloroplast proteins isolated from irrigated plants of clone RRII 105 grown

outside was also resolved for comparison.
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Fig 4.3.Chloroplast protein profile of young plants of Hevea (clone RRII 105)
grown under growth chamber conditions. The plants were grown with
(C) or without (D) irrigation for 5 days under different temperature
regimes (30, 35 and 40'C). Irrigated plants grow'n outside are
represented as ‘F*. The RuBisCO large (55 kDa) and small (15 kDa)
subunits are indicated on the right side. The molecular weight markers
(STD) are indicated in the left side.

72



Chapter 1V Ideniificathm and Purification.

4.3.2 Purification of stress induced protein from SOS polyacrylamide gels

4.3.2.1. Electro-elution of stress induced protein.

The stress induced LMW protein resolved on 10% SDS gels was further
purilled by electro-elution (Fig 4.4) and the protein after purification was again
loaded onto 10% gel and confirmed that the molecular weight of protein was

around 23 kDa (Fig 4.5).

Fig 4.4. The apparatus showing the purification of stress protein by electro-
elution (model 422 electo-eluter of Biorad) (a) represents beginning of
electro-elution and (b) represents towards completion of electro-

elution.
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Fig 4.5. SDS PAGE showing the eluted and purified stress protein (lane 2) and
the 23 kDa protein expressed in 50 of 10 days drought induced
plants of RRIM 600 (lanes 4-10). The protein profile of irrigated control

plants is shown in lane 3. The molecular weight markers (STD) are
indicated on the first lane.

4.3.2.2. Two Dimensional Gel Electrophoresis (2-DE) of purified protein.

Purified stress protein when resolved under 2-DE was seen as a spot with

pi value near 8 (Fig 4.6).
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Fig 4.6. 20 gel profile of eleclro-eluted 23 kl)a stress protein indicated on the
right side. The molecular weight markers (STD) are indicated on the left
side.

From the clone RRIM 600 which showed the maximum expression of this SHSP
approximately 1 mg of stress protein was purified by repeated electro-elution
(Fie. 4.5). The purified protein was subjected to 2-D electrophoresis and the

purified protein was visualized as a single spot with pi value near 8 (1-ig 4.6).
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4.4. Discussion

Stress responses and resistance to drought are complex biological
processes in plants which need to be analysed using physiological and genomics
approaches. Plants grown in field conditions have to face diverse stress factors
which often activate similar cell signalling pathways and cellular responses, such
as accumulation of compatible solutes, up regulation of the antioxidant
machinery and production of stress related proteins. Mechanisms are activated in
plants at morphological, physiological, biochemical and molecular levels to cope
with the extreme climatic stresses. Profound changes in gene expression which
result in changes in composition of plant transcriptome, proteome and
metabolome are the responses of plants to stress (Perez-Alfocea et. al, 2011).
Proteins being the direct effectors of plant stress response, the relationship
between protein abundance and plant stress acclimation can be understood by

proteomics studies (Perez-Clemente et. ah, 2013).

Chloroplasts being central organelles where photosynthetic reactions take
place, changes in activities and protein pools are expected in response to drought
like abiotic stresses. In view of this the present study was designed towards
identification of drought induct proteins, if any, in the photosynthetic apparatus
of Hevea plants. Further objective was to relate such proteins with the fimctions
of photosynthetic apparatus and developing as a marker for identifying tolerant
Hevea genotypes. In the present study chloroplast proteins isolated from young
plants of ten Hevea clones showed prominent abundance of a low molecular
weight protein of around 23 kDa in size. It was found over-expressing in drought
exposed plants while a very low to medium level accumulation was seen in
irrigated plants. It is a striking common observation in many plants that low to
moderate level of stress proteins occur in cells that have not been stressed but
accumulate to very high levels in stressed cells (Young and Elliott, 2002). The
relative abundance of this protein in drought tolerant clones RRIM 600,
RRII 430 and RRII 429 was very prominent than relatively drought susceptible
clones such as PB 260, RRII 414 and Tjir 1 whereas in other clones expression
was with medium to optimum range. However there was an exception to this
general observation in clone RRII 105 which was graded as drought susceptible

through the studies of physiological parameters, but had a relatively fair degree
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of accumulation of stress protein under water deficit condition (Fig. 4.1.B).
However, the degree of drought susceptibility of this popular clone in India is
highly debatable so far. Earlier workers reported that this clone was relatively
drought tolerant in traditional rubber growing areas (Gururaja Rao et. al, 1990).
On the other hand, recent reports indicated that this clone is comparatively
drought and high light susceptible (Sreelatha et. al, 2007; Annamalainathan et.
al, 2010; Thomas et. al, 2011).

Common features of high temperature, high light and water deficit
conditions induced proteins are known as ‘stress protein’, (Vierling, 1991). In an
earlier study this 23 kDa stress protein was reported as small heat shock protein
(sHSP) and was observed to be consistently over expressing in chloroplast
thylakoid membrane of rubber plants experiencing drought and high solar light.
A total of six different peptides from the induced stress protein successfully
matched several sHSP from tobacco, petunia and tomato (Annamalmathan
et. al, 2006). Other than heat shock like proteins, an array of regulatory and
functional proteins like many transcription factors, proteins involved in signal
transduction, LEA and other protein chaperones, proteases and ROS scavenging
enzymes etc. are also induced under drought situations (Todaka et. al, 2015). In
studies with different plant species, stress proteins of similar kind were ascribed
to associate with chloroplast functions related to photosynthetic activities,
including PS 11 electron transport and oxygen evolution activity in the PS 1l
(Barua et. al, 2003). Heckathom et. al, (2004) has observed protection of
thylakoid membranes and PS Il electron transport by similar 23 kDa sHSP m
chloroplasts. In chloroplast, stress proteins have been implicated in protecting
this organelle from photoinhibitory and oxidative stress by preventing protein
aggregation and stabilizmg thylakoid membrane (Torok et. al, 2001). Similar
low molecular weight (LMW) stress proteins also protect photosynthetic electron
transport from inhibitory effects of heavy metals (Kumar et. al, 2015). Many
stress proteins seem to fimction as molecular chaperones by regulating protein
folding, while others play a role in regulating the function of receptors (Vierling,
1991; Heckathom eA al, 2004).

When compared with chloroplast protein profile, total leaf protein

showed only a small fraction of the stress protein got separated. However,
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considering total protein extraction is a rapid protocol it is felt that the method
can be exploited for further studies in relation to Western blot technique etc. for
the development of protein marker. In the case of an experiment to study the
interactive effect of drought and high temperature under growth chamber
conditions the clone RRII 105 failed to induce the stress protein significantly
when compared to their respective control at all temperature regimes (Fig. 4.3.)
which elucidates the complexity of drought acclimation when plants are grown
under field condition where the effect of multiple stresses induces or suppress

the expression of specific proteins.

In the present study various steps were tried for purification of the stress
protein. Triton X-100 a non ionic detergent in phosphate buffer saline was not
able to dissolve the chloroplast protein completely. Ammonium sulphate
precipitation also didn’t prove to be successful. In 1.0 N NaOH, the protein got
solubilised but with major change in pH. As an alternative proteomic approach
combining protein separation on sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SDS-PAGE) followed by electro-elution of the stress protein has
been found successful and hence this method was adopted for purification of the
stress protein. Successful studies have been reported combining SDS PAGE
followed by in-gel digestion and shotgun analysis (LC-MS/MS) to be more
adapted than other approaches to membrane proteins (Wu et. ai, 2003; Le Naour
et. al, 2006; Speers and Wu, 2007; Lu et. aL, 2008; Savas et. al, 2011) and the
same technique was applied for the identification of this sSHSP by
Annamalinathan et. al, (2006). Further non-redundant protein data base (MSDB)
available through the Mascot search engine was used to match the polypeptides
with several small heat shock proteins (SHSPs) of other reported species and this
protein was reported as heat shock type protein associated with chloroplast

thylakoid membrane in//evea (Annamalainathan et. al, 2006).
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5.1. Introduction

Plants require an adequate supply of water which is vital for cell
expansion and all other stages of development. A deeper understanding of
drought tolerance is very much essential in the increasing oscillations of climatic
conditions. Multiple mechanisms at the morphological, physiological, cell and
molecular levels that contribute for reduced drought stress have evolved in
plants. Proteins which play a key role in stress signalling, transcription
regulation, protection of macromolecules, cellular detoxification, and an array of
other cellular processes are the primary factors which aids in drought tolerance
(Tester and Langridge, 2010). Molecular events that remain hidden during DNA
or mMRNA analysis can be better understood through proteomic methods since
proteins are the translated portion of the genome and they are the structural or

functional units of the cellular metabolism.

Survey of the expression of all proteins in cells/tissues/organisms at a
given time and condition is represented by the term “proteome” (PROTEins
expressed by genOME) (Wilkins et. al, 1996). Compared to genome based
technology proteomics have several advantages because rather than genetic code
or mRNA abundance it directly focuses on functional molecules. In the field of
crop abiotic stress-tolerance research proteomics is applied for the comparative
analysis of different proteomes. Comparison of proteomes of non-stressed plants
(control) and corresponding proteomes under stress condition are very
informative and give insights into the plant reactions to environmental stimuli.
Comparison of proteomes from two different genotypes or plant species with
contrasting level of tolerance to a given stress factor can also be determined with
this method. Identification of protein expression profile, post-translational
modifications (PTMs) and protein-protein interactions under stress and non-
stress conditions is better understood through proteomics study (Hashiguchi et.
al., 2010; Nam et. al, 2012; Mertins et.al, 2013; Ghosh and Xu, 2014). Crop
productivity can be improved if breeders have knowledge on response of plants
towards abiotic stress at the molecular level. In the recent past, gene expression
analyses have paved the way for imderstanding of plant responses to abiotic
stress. Translational and post-translational modifications that would significantly

change the abundance as well as activity of proteins can be detected through
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proteomics techniques. However, various studies have proved that changes in the
transcript level do not correlate with changes in protein abundance (Piques et.
ah, 2009; Bohmer and Schroeder, 2011).

The recent concepts of “omics” involve developments of technologies
which serves to identify key proteins or metabolites in plant science research
covering proteomics, metabolomics and genomics for stress tolerance in plants
and also the genes involved in the regulation of such biomolecules (Ahmad
et. ah, 2013; Emon, 2016). Proteins that are responsive to abiotic stresses would
show differential expression and the role of protein accumulation under stress
conditions and its association with stress tolerance can be elucidated through
proteomic approach (Witzel et. ah, 2009; Hossain et. ah, 2012; Perez-Clemente
et. ah, 2013). ldentification of possible candidate genes that can be used for the
genetic enhancement of plants against stresses is an added advantage that is
made possible through plant stress proteomics study (Cushman and Bohnert,
2000; Rodziewicz et. ah, 2014; Barkla et. ah, 2016). Proteomics field largely
depends on the basic instrumentation, affinity enrichment and depletion,
quantification techniques, peptide and protein identification by mass
spectrometry, structural remodelling, statistics, and data mining (Praveen et. ah,
2015). The most widely used proteomics methods, two-dimensional
electrophoresis (2-DE) and mass spectroscopy (MS) help to catalog and identify

proteins in different proteome states or environments (Eldakak et ah, 2013).

In response to stresses different signalling pathways are reported to be
activated resulting in complex regulatory network involving transcription factors,
antioxidants, hormones, osmolyte synthesis, ROS, kinase cascades and ion
homeostasis (Suzuki et. ah, 2014; Yin et. ah, 2015). However, in different
organs of the plant the cell’s response to abiotic stress varies. Hence
enhancement of crop stress tolerance requires better understanding of cellular
mechanisms that regula/te stress response and signal transduction in various
organelles. Understanding of those mechanism can be attained through organ-
specific combined with subcellular proteomic studies from leafto root (Komatsu
and Hossain, 2013; Yin et. ah, 2015). Genetic and molecular mechanisms
underlying plant stress response was unveiled through advances in proteomic

technologies. Since proteins are the key players in majority of cellular events,
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proteomics as a technique is advantaged over other “omics” tools. Proteomics
can also detect translational and post- translational regulations in addition to its
ability in complementing transcriptome level changes there by providing new

insights into abiotic stress responses of plants (Salekdeh et. al, 2002).

Proteomics have to be dealt with certain technical difficulties though it
addresses complex biological questions. One of the critical factors is good
sample quality which is much challenging to obtain from plant tissues. In plant
tissues enriched level of protease and oxidative enzymes makes it difficult to
extract stable protein mixtures. Secondary metabolites produced in plants add up
to this difficulty since it interferes with subsequent protein fractionation and
downstream analysis. Cell wall which is difficult to fragment is another
hindrance. To a certain extent trichloroacetic acid (TCA)-acetone precipitation
and phenol extraction help to overcome the above challenges (Isaacson et. al,
2006). Low protein content in plant cells poses another limitation. Considering
the heterogeneity between species, optimization of certain specific experimental

conditions is essential for protein related studies (Ghosh and Xu, 2014).

An indirect selection process where a trait of interest is selected based on
a marker linked to a trait of interest rather than on the trait itself is known as
marker assisted selection (MAS). The majority of MAS in the present era utilizes
DNA based genomic markers. However, markers could be divided into four
categories: Morphological or phenotypic markers, cytological markers, DNA
markers and biochemical markers. Morphological markers are based on the
traditional botanical description of visible characters. Cytological markers are
based upon the variations in banding patterns of the chromosome and are used
for chromosome characterization, detection of mutation and for studying
taxonomical relationships which can provide additional information apart from
morphological markers. Differences in DNA sequences across genotypes have
led to the advent of DNA-based markers. These markers are the variations
observed in a particular portion of the DNA among the individuals of a species.
Biochemical/physiological markers, one among the popular tool in plant genetics
are based on the expression of proteins and secondary metabolites (Jangpromma

et. al, 2010; Kadirvel et. al., 2015).
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As a powerful technique proteomics is employed in separating complex
protein mixtures. Any change in protein profile in response to environmental
factors can be determined with this method. Hence proteins that are responsive to
drought stress may show differential expression in different clones/varieties. A
few investigations were done to obtain such proteins and by establishing its
fiinctional relevance for screening drought tolerant Hevea clones in line with
other physiological markers. In the present study accumulation of chloroplast
stress protein of molecular weight 23 kDa was identified by western blotting
technique using polyclonal antibody raised against stress protein in rabbit. The
stress protein abundance in chloroplast was quantified and further expression
level related with photosynthetic activities of ten different clones. Total leaf
protein also was isolated fiom two different clones and subjected to western blot
analysis in order to develop a quick method for screening rubber clones. The
amino acid sequence of the stress protein was already elucidated by combining
SDS PAGE followed by in-gel digestion and shotgun analysis LC-MS/MS and
mass spectrometry and was reported as a HSP type protein associated with
chloroplast thylakoid membrane in Hevea (Annamalainathan et. al, 2006). The
feasibility of using the relative expression level of this HSP type protein along
with specific physiological activities to screen rubber clones for drought stress
tolerance was also attempted. The 23 kDa stress protein that showed consistent
over expression in drought induced clones was identified as small heat shock
protein in Hevea (SHSP23.8). Further the expression analysis of HbsHSP23.8
gene was quantified in four clones of Hevea with varying level of drought

tolerance to check the role of HbsHSP23.8 in drought response.

5.2. Materials and Methods
5.2.1. Development of chloroplast stress protein as a marker.

5.2.1.1. Raising of polyclonal antibody against stress protein in rabbit

Chloroplast stress protein (molecular mass of 23 kDa) purified by
repeated electro-elution as described in chapter 4 was used for raising antibodies
in rabbit. Pre-immune serum was collected first from rabbit and this served as
the negative control. First immunization was given using 500 *g of stress protein

emulsified in Freund’s complete adjuvant. After 15 days, the rabbit was boosted
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five times with 200 "g stress protein each in incomplete Freund’s adjuvant at 10
days interval. The serum was obtained 10 days after the last bleeding (GeNei,
Bangalore). The project report of custom polyclonal antibody service by GeNei,

Bangalore is represented in Appendices.
5.2.1.2. Western blotting analysis of chloroplast stress protein

Chloroplast proteins (30 ~g) were electrophoretically separated using
10% SDS-polyacrylamide gels as described in chapter 4. Chloroplast protein
profile was transferred from the gel onto a nitrocellulose membrane (NC)
following Towbin’s (1979) method oftransfer. TheNC membrane, filter pad and
filter paper were fust made wet in ice cold transfer buffer (Towbins buffer)
containing Trizma base 25 mM, Glycine 192 mM and 20% methanol. 10X Tris-
buffered saline (TBS) containing 24.2 g Trizma Base and 80 g NaCl with pH
adjusted to 7.6 served'as the stock for preparing TBS-Tween for washing
membrane and antibody dilution. 1X TBS-Tween (TBST) was prepared by
adding Tween 20 to TBS to a final concentration of 0.1%. The transfer stack was
first prepared without any air-bubbles by rolling a glass-rod over the entire set-
up and was then inserted into Mini Trans-Blot apparatus (Bio-Rad) containing
ice cold transfer buffer. Electro-blotting was performed overnight at 40V in 4°C.
After transfer the NC membrane was careftilly removed and rinsed with double
dist. water. The transfer of protein was ascertained by staining the NC membrane
with reversible stain Ponceau-S (0.2% in 1% acetic acid). The membrane was
then washed with TBST (1X) to remove the stain. The membrane was blocked
for Ihr at room temperature (RT) with 3% skimmed milk powder and
subsequently probed with polyclonal primary antibody to the stress protein at a
dilution of 1:10,000 for Ihr at RT. The membrane was washed three times with
TBST and then incubated m horseradish peroxidase (HRP) conjugated goat anti-
rabbit 1IgG (GeNei, Bangalore) at a dilution of 1:3000 for Ihr at RT. The blot was
developed finally using IX tetramethylbenzidine (TMB) / hydrogen peroxide
(H202) for localization (GeNei, Bangalore). The magnitude of expression was
quantified from the relative band intensity using a Gene Genius bio-imaging
system, Syngene, USA. For consistent values the blotting experiment was

repeated thrice.
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5.2.1.3. Western blotting analysis of total leaf protein

Total leaf protein isolated as mentioned in chapter 4 after resolving on
10% SDS PAGE (30 |ig) was subjected to Western blotting as per the procedure
described in 5.2.1.2.

5.2.1.4. Screening ofHevea germplasm accessions

30 ng of chloroplast protein from six germplasm accessions viz.
RO 3261, AC 612, RO 3157, RO 3184 (drought tolerant), RO 3242 and MT
1619 (drought susceptible) and two check clones viz.,RRU 105 (drought
susceptible), RRIM 600 (drought tolerant) was resolved on 10% SDS PAGE and
subjected to western blotting as per the procedure described in 5.2.1.2. The
induction, of drought stress and chloroplast protein isolation was performed as

described in chapter 3 and 4.
5.2.2. In silico studies of LMW protein from Hevea brasiliensis

The amino acid sequence of the LMW protein sHSP23.8 that was
reported by Annamalainathan et. al, (2006) was analysed for physico-chemical
properties. The full length amino acid sequence of SHSP23.8 was obtained from
nucleotide sequence of the gene (NCBI GenBank ID: KT376983) by translation
using the ExPASy (Expert Protein  Analysis  System)  tool
fhttp://web.expasv.org/translate/). Physico chemical properties like molecular
weight, isoelectric point (pi), aliphatic index, instability index, amino acid
property and Grand Average of hydropathicity (GRAVY) were obtained for the
protein from the ExPASy tool ProtParam (http://web.expasv.org/DrotparamA).
The subcellular localization of the protein was also predicted using the predict

protein server rhttPs://www.predictprotein.org/).

5.2,3 Expression analysis of HbsHSP23.8 gene in Hevea with varying level of
drought tolerance.

5.2.3.1 Primer Designing

Quantitative PCR analysis was carried out to study the expression level
ofHbsHSP23.8 gene in four clones ofHevea viz., RR11105, RR 11414, RR11430

and RRIM 600. The imposition of drought and physiological measurements to
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assess the impact of drought stress were performed as mentioned in Chapter 3.
The house keeping gene, GAPDH, was used as the internal control for
normalization. Primers were designed (amplicon size of 100-200bp) from the
H. brasiliensiss HSP23.8 (GenBank ID.KT 376983) gene deposited in the NCBI
GenBank accessions using the Primer Express Software and got synthesized by

Eurofms and the details are given in Table 5.1.
5.2.3.2. Total RNA Isolation

Total RNA was extracted from the leaf samples using the Spectrum™
Plant Total RKA Kit (Sigma-Aldrich) according to the manufacturer’s
instructions. Leaf tissues were ground to fine powder in liquid nitrogen using
mortar and pestle. 100 mg powdered tissue was then mixed with 500 Al of lysis
solution: p-mercaptoethanol mixture and vortexed vigorously for 30 sec. The
samples were then incubated at 56°C for 5 min and centrifuged. The lysate
supernatant was transferred to a filtration column and centrifuged. 500 N of
binding solution was mixed with the clarified filtrate. The mixture was then
transferred to a binding column and centrifuged at 12000 rpm for 1 min to
facilitate binding of RNA. 500 |al of wash solution | was added to the binding
column and centrifuged at 12000 rpm for 1 min followed by washing with wash
solution 2 and centrifugation at 12000 rpm for 1 min. The flow through was
discarded and the column was transferred to fresh tube. The RNA was eluted
with 70 |il of sterilized DEPC water. The quality of RNA was confirmed by
resolving on 1.4 % denatured agarose gel and quantified spectrophotometrically
using Nanodrop ND 1000 (USA).

5.2.3.3. cDNA preparation

cDNA synthesis was carried out using Superscript™ in first strand
synthesis system (Invitrogen). 03 fig of total RNA was combined with OIfil of
oligo dT pruner (50 jiM) and 01 A of 10 mM dNTP mix and made up to 10 |4 by
adding sterilized DEPC treated water. The mixture was kept at 65°C for 05
minutes and immediately chilled on ice for a minute. The cDNA synthesis
system mix (10 ") was prepared by combining 02 |il of IOX RT buffer, 04 [ of
MgCh (25 mM), 02 \i\ O.IM DTT, 01 [i\ of RNase OUT (40U/"il) and O1 \i\ of

Superscript 111 reverse transcriptase (200 U/nl). This reaction mix was added to
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10 |il of prepared RNA-primer mixture and incubated at 50°C for 50 minutes for
cDNA synthesis. After that, reaction was terminated by incubating at 85€C for 5
minutes followed by chilling on ice. RNA was removed by adding 01 jil of
RNase H and kept the tube at 37°C for 20 minutes. The cDNA was quantified

and stored at -20°C for further use.
5.2.3.4. Quantitative real time PCR analysis

Real time PCR was performed using Light Cycler 48011, Roche Real
Time PCR System. The reaction consisted of 01 1 of lilOtime’s diluted cDNA,
125 nM of each forward and reverse primers and 10 |il of Lightcycler 480 SYBR
Green | Master (Roche Diagnostics Gmbh, Germany) in a 20 |il reaction volume.
The reaction conditions included 95°C for 07min, followed by 40 cycles of 95°C
for 20 s and 60°C for 30 s. This was followed by a melt curve analysis (95°C for
20 s, 60RC for 01 min and 95“C for 05 min). Reaction efficiency of the target
gene and the endogenous control was calculated based on the formula,
E=10*®R@*1 and the slope values of the primers were between -3.2 and -3.5.
Three biological replications for each treatment were included in the qPCR
analysis. No template controls (NTC) were run to assay for false positive signals
and GAPDH was used as the endogenous control. Relative Quantification (RQ)
values were used to study the fold change in the expression rate of the gene using
Light Cycler 480 Software; release 1.5.0.

5.2.3.5. Data analysis

The relative changes in gene expression fiom gPCR experiments were
analyzed by 2'" method (Livak and Schmittgen, 2001) and the data are
presented as the fold change. Statistical analysis was performed with the relative
quantification data using ANOVA. The difference between groups was assessed
by means of the 2-tailed Student t test, P-value <0.05 was considered to be

statistically significant.
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Table 5.1: List of genes and the corresponding primers used for g°PCR analysis

Gene Forward Primer (5'-3") Reverse Primer (S-SO

HbsHSP23.8 GATGTGGTCGACTCATTTTCrCCA CTTTGACGTCCTGnTGCTTAGCC
GAPDH GCCTGTGATAGTCTTCGGTGTTAG GCAGCCTTATCCTTGTCAGTGAAC

5.3. Results

5.3.1. Detection of drought induced stress protein by western blotting
analysis

5.3.1.1.Development of antibody against stress protein in rabbit and western
blotting

Polyclonal antibody for the purified stress protein was successfully raised
in rabbit by GeNei, Bangalore. The purity of the antigen was confinned by SDS
PAGE before immunization and titre analysis of the antibody raised was finally
fixed as 1:10,000 by Direct ELISA and Western Blot. The same dilution was
fixed for our study after checking different dilutions by western blotting.

The relative abundance of stress protein in western blot profile was
checked in two popular clones viz., RRIl 105 and RRIM 600. The irrigated
control plants showed very low abundance of this protein in these clones
whereas the drought and high light exposed plants showed very prominent
expression (Fig 5.1). The expression and accumulation of chloroplast stress
protein was consistently very high in drought exposed plants confirming further
that the protein is associated with drought responses in young plants of natural

rubber.
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RRD 105 RRIM 600
C D C D

234

Fig 5.1.Western blot profile of 23 kDa chloroplasl stress protein isolated from
two popular Hevea clones (RRII 105 and RRIM 600)

5.3.1.2. Validation of chloroplast stress protein as a marker for drought

tolerance

In order to validate the chloroplast stress protein’s association with
drought response, ten different rubber clones were tested for relative expression
level of stress protein after drought exposure for ten days. The antibody raised
against the stress protein was used to detect and quantify the protein in Western
blots. In the irrigated control plants the accumulation of this protein was very
less to obscure. On the contrary the water deficit stress imposed plants
accumulated significantly higher level of the stress protein (Fig 5.2). The relative
abundance of this protein was very prominent in relatively drought tolerant
clones such as RRIM 600, RRIlI 430 and RRIlI 429 than relatively drought
susceptible clones such as PB 260, RRIl 414 and Tjir 1. In the remaining clones
the expression level was with medium to optimum range. The drought tolerant
clones recorded around 71-110% over expression ot this stress protein upon
exposure to drought compared to their respective irrigated counterparts whereas
the susceptible clones had a relative abundance of only 8-30% over their control

plants (Table 5.2). Interestingly, a well-known drought tolerant rubber clone
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RRIM 600 recorded around 110% higher abundance than the control irrigated
plants. In clone RRIlI 105, which was graded as drought susceptible in the
present study had a relatively fair degree (around 30% over control plants) of
accumulation of stress protein under water deficit condition. There was
significant relationship existed between the abundance of this protein and
relative drought tolerance traits (R*=0.58) among the clones studied (Fig. 5.3 and

5.4).

RRIl 105 RRII208 PB260 RRIM600 RRIUM RRH 417 RRI1422 RR11429
C bCDTC CDTCD C bDCDT CD

RRII 430 Tjir 1

cC D cC D

Fig 5.2.Western blot profile of 23 kDa chloroplast stress protein extracted from
ten different Hexea clones. One set of plants was irrigated in polybags
to the level of field saturation (C-control) and another set was
maintained without irrigation (D-drought) for ten days. Chloroplast
protein of 30 )ig was loaded uniformly in each lane. The stress protein
was detected by incubating the chloroplast protein profile in NC
membrane with a polyclonal antibody raised against this protein.
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Table 5.2. The relative abundance of 23 kDa chloroplast stress protein in
different clones of Hevea after exposure to 10 days of soil moisture
deficit stress by withholding irrigation. The relative abundance was
calculated based on keeping the value for respective control
(irrigated) plant as 0%.

% increase of protein
abundance in drought

S. No. Clone Name samples over the
respective irrigated control
1 RRIM 600 110
2 RR11430 75
3 RR11429 72
4 RRII 208 71
5 RRII 105 30
6 RRn417 28
7 RRII 422 18
8 Tjir 1 15
9 RRI11414 14

10 PB 260 8
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Fig. 5.3.Relationship between stress protein abundance and percentage inhibition
of (a) oxygen evolution rate of leaf (b) (j)PSIl and (c) CO: assimilation

rate
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Fig. 5.4.Relationship between stress protein abundance and percentage inhibition
ot'pholosynthetic activities on an average

5,3.1.3. Western blot analysis of total leaf protein.

Total leaf protein was isolated from the clones RRII 105 and RRIM 600
after 10 days drought imposition. 30 |ig of total leaf protein was resolved on 10%
SDS PAGE and subjected to western blotting. The blotting was effective and
showed prominent expression of the 23 kDa stress protein (Fig. 5.5). This
method was found rapid when compared to chloroplast proteins preparation.
However, the protein resolution was not refined enough when the question ot

accuracy comes.
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RKIM600 RRnNi05
C D c D

Fig 5.5.Western blot profile of 23 kDa stress protein (from total leaf protein)
extracted from Hevea clones RRIM 600 and RRII 105. One set of plants
was irrigated in polybags to the level of field saturation (C-control) and
another set was maintained without irrigation (D-drought) for ten days.
Total leaf protein of 30|ig was loaded uniformly in each lane. The stress
protein was detected by incubating the total leaf protein profile in NC
membrane with a polyclonal antibody raised against this protein.
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5.3.1.4. Validation of stress protein in Hevea germplasm accessions

In order to ascertain further the association of stress protein with drought
tolerance traits, western blotting analyses was carried out with 30 |ig of
chloroplast protein resolved on 10% SDS-PAGE from four relatively drought
tolerant (RO 3261, AC 612, RO 3157 and RO 3184) and two susceptible (RO
3242 and MT 1619) germplasm accessions along with check clones RRIM 600
and RRII 105 after imposing drought for 10 days. The relative expression of the
protein in relatively drought tolerant germplasm accessions RO 3261, AC 612,
RO 3157 and RO 3184 was very prominent than susceptible clones RO 3242 and

MT 1619 in comparison with check clones (Fig. 5.6).

RO 32» MTm?9 RO 3242 AC (12 R03157 RO31M RRIM MO RRH105
c d c d c d c d c d c d c d c d

o

Fig 5.6.Western blot profiles of 23 kDa chloroplast stress protein extracted from
six Hevea germplasm accessions and check clones RRIM 600 and RRil
105. One set of plants was irrigated in polybags to the level of field
saturation (C-control) and another set was maintained without irrigation
(D-drought) for ten days. Chloroplast protein of 30 )jg was loaded
uniformly in each lane. The stress protein was detected by incubating
the total leaf protein profile in NC membrane with a polyclonal
antibody raised against this protein.
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5.3.2. In silico studies to find out the physico-chemical properties of the
stress protein.

In silico studies of Hevea small heat shock protein (sHSP23.8) reported
by Annamalianathan et. al., 2006 were carried out. Amino acid sequence of
SHSP23.8 (214 aa) protein (Fig. 5.8) was obtained from nucleotide sequences of
SHSP23.8 gene (Fig. 5.7) by translation using ExPASy tool. Physico-chemical
properties were obtained for the protein by the ExXPASy tool ProtParam as shown
in table 5.3. The physico-chemical properties showed that the SHSP protein had a
molecular weight of 23.83 kDa. The theoretical pi value was 7.88 and the total
number of negatively charged and positively charged residues were 32 and 33
respectively. The instability value and aliphatic index for SHSP w'as computed as
56.56 and 77.29. The grand average of hydropathicity (GRAVY) was -0.621 and
the subcelluiar localization for the protein was carried out using PredictProtein

software and identified that SHSP is located in chloroplast of eukaryote (Fig 5.9).

ATGGCATCACTGATTGCTTTAAGGAAAGCAACCGCTTCTGCTCTCTTC
TCCAAGCTCATCAATCCTGTCCGCTCTGCCTCTGTGGCACCTTCTGTTT
CTCGCTCCTTCAGCACTGAAACCCAGGTCACCAACTTTGGCGGCGAC
GATAGTGGCAACCITCGACGTTAATAGGCGCTCCTCTGATCGCAGCGT
CTCTCGCCGCCGAGATACTTCTCGCAGTTTCTTCCCAGATGTGGTCGA
CTCATTTTCTCCAACGAGGACTCTCJAGCCAGGTGTGGAACCTAATGG
ACCAGTTAATGGAGTACCCGTTGGGCGTGGGAGCCGGAGGTGGCGTT
GGTGCGAGGCGAGGGTGGGACGTGAAGGAGGACGAGGAAGCTCTGT
ATCTAAGGATGGACATGCCAGGGCTAAGCAAACAGGACGTCAAAGT
GGGCGTGGAGCAGAACACACTGGTGATAAAAGGGGAAGGCCCAAAA
GAAAACGAAGAAGAAGAGAGTGGAAGAAGGTACTCAAGCAGACTGG
AGTTGCCTCGAAATCTGTACAAGCTCGATGAGATTAAGGGTGAAATG
AAGAACGGTGTTTTGAAGGTGGTGGTACCAAAGGTGAAAGAACAAG
AGAGAAAGGATGTCCATGAGGTTCAGATTCAGTGA

The start codon ATG is marked in blue colour and stop codon TGA is marked in

red colour.

Fig.5.7. Open Reading Frame (ORF) of small heat shock protein 23.8 (SHSP
23.8) from H.hrasiliensis (GenBank ID: KT376983).
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Fig. 5.8.Predicted amino acid sequence of small
(S11SP23.8) from H. brasiliensis (Using ExPASy Translation tool)

Subcellular Localization Prediction for Request ID: 578682

mlirn = ca* "s'i«
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heat shock protein 23.8
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Fig. 5.9.Subcellular localization of small heat shock protem 23.8 (sHSP23.8)
from H. brasiliensis (Using PredictProtem tool)
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Table.5.3. Physico-chemical properties of the predicted sequence of small heat
shock protein 23.8 (SHSP23.8) from H.brasiliensis

Number of aminoacids 214
Molecular weight 23,83 kDa
pi 7.88
Total number of negatively charged 32
residues
Total number of positively charged 33
residues
Instability index 56.56
Aliphatic index 77.29
Grand average of hydropathicity -0.621
(GRAVY)

5.3.3. Expression analysis of gene encoding HbsHSP23»8 in Hevea clones
with varying level of drought tolerance

Total RNA with good quality was isolated from the leaf tissues of four
different clones ofHevea viz, RR11105, RKH 414, RR 11430 and RRIM'600 (Fig
5.10). The plants were already exposed to drought stress by withholding
irrigation for 10 days and the impact of stress was assessed by crucial
physiological parameters like leaf water potential, PS Il activities and
measurement of Pn- The transcript of the LMW protein HbsHSP23.8 in these
four clones were tested for their association with drought stress tolerance by
quantifying its expression level by qPCR analysis and the results are given in
Fig 5.11. From the study it was found that HbsHSP23.8 got significantly
upregulated in drought exposed plants over then irrigated control. In case of
relatively drought tolerant clones RRIM 600 and RRII 430, the magnitude of
expression (8 fold increase) was significantly higher than other two drought
susceptible clones. On the other hand in RRII 105 the expression level was
slightly higher (4 fold) than RRII 414 (3fold) which showed optimum range of

expression.

97



Chapter V Developing a chloroplast LMW...
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Fig 5.10. Gel photograph showing total RNA isolated from the leaf tissues of

drought induced clones of (a) RRIM 600 (b) RRIlI 430 (c) RRII 105
and(d) RRIl 414
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RRNi05 RRIM600 RRnN414 RRnN430

Fig 5.11: Expression analysis of HbsHSP23.8 gene in four clones of Hevea
under drought condition. Y axis indicated fold change in the
expression of HbsHSP23.8 niRNA in drought samples over their
respective irrigated plants (Control). The mRNAs were quantified by
means of real-time polymerase chain reaction and normalized with the
use of GAPDH mRNA. Values are expressed as mean * SD
(n-3/group). *P<0.05 Drought vs Control.
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5.4. Discussion

One of the prevalent abiotic stresses that vastly affect the physiological
and metabolic functions of a growing plant is drought, as a result of prolonged
water deficit in the soil. Selection of stress-tolerant cultivars for breeding
programs is therefore necessary to screen plants suitable for such drought prone
areas. Extensive investigations have been done in model plants, crops and woody
plants to understand the proteomic aspects of plant drought response.
Development of biochemical markers relating to drought tolerance have become
a popular tool in plant genetics like other molecular markers. Due to feasible
extraction processes, proteins or secondary metabolites from leaves are often
used as markers (Jangpromma et. al, 2010). More than 2200 drought-responsive
proteins have been identified in leaves from 25 plant species mainly involved in
signalling, transcription, stress and defence, protein synthesis, folding and
degradation, photosynthesis and photorespiration, carbohydrate and energy
metabolism, membrane and transport, cell structure and cell cycle, nitrogen
assimilation and amino acid metabolism, as well as fatty acid metabolism
(Wang et. al, 2016). In the present study drought responsive protein marker in

Hevea has been investigated.

The 23 kDa chloroplast stress protein with prominent expression in
drought imposed young plants of Hevea reported as HSP type (SHSP) associated
with chloroplast thylakoid membrane by Annamalinathfln et. al., '2006 was
purified by repeated electro-elution from the drought tolerant clone RRIM 600.
This protein was found associated with thylakoid membrane and induced under
combined abiotic stress conditions like water deficit, high light and high
temperature. The purified protein was used towards raising antibody against this
protein. Polyclonal antibody was raised in rabbit by utilizing the service of
GeNei, Bangalore and used to detect and quantify the protein in western blots.
Among the ten elite clones studied the relative abundance of this protein in
relatively drought tolerant clones was very prominent than relatively drought
susceptible clones. Clone RRIM 600 recorded the maximum abundance of the
stress protein in comparison to the control irrigated plants. However, clone

RRII 105 which was graded as drought susceptible in the present study had a

99



Chapter V Developing a chloroplastLMW...

relatively fair degree of accumulation of stress protein under water deficit
condition. Rvalue of 058 (Fig. 5.4) shows that there exists significant
relationship between the abundance of this protein and relative drought tolerance
traits among the clones studied. The western blot analysis of ten clones clearly
demonstrated that most of the drought tolerant clones accumulated this protein in
a higher extent than drought susceptible clones (Fig. 5.2). Those clones
susceptible in terms of high magnitude of inhibition of PSII activity,
photosynthetic oxygen evolution and net photosynthesis rate under soil moisture
deficit stress had very low level of this protein. Antibody raised against pi8
protein (18 kDa) isolated fi'om sugarcane leaves was used in a similar way for
screening drought tolerance in sugarcane cultivars (Jangpromma et. al, 2010).
Therefore, the quantitative analysis of this protein along with measurement of
crucial photosynthetic parameters like PSII, oxygen evolution activities and CO2
assimilation rates may be used as screening tools for the identification of

relatively drought tolerant Hevea clones in young immature stage of plants.

In total leaf protein preparations also prominent expression of 23.8 kDa
protein was observed. It was found that total protein extraction method was less
time consuming and effective and could be employed to screen large number of
plants, by westem blotting. Attempts were also made to ascertain the association
of stress protein with drought tolerance by westem blotting using the drought
tolerant germplasm accessions selected by Thomas et. a/.,(2015). The results
clearly demonstrated that the stress protein expression was prominent in
RO 3261, AC 612, RO 3157 and RO 3184 along with tolerant check clone
(RRIM 600). In susceptible germplasm accessions (R03242 and MT 1619) the
expression of stress protein was very less in MT 1619 and RO 3242 (Fig 5.6).
These results once again confirmed the association of the stress protein with
drought tolerance and also having very good conformity with the
susceptibility/tolerance nature of germplasm accessions which have already been
evaluated using physiological and biochemical parameters (Thomas et. al.,
2015). In earlier studies the stress protein was identified and reported as SHSP by
LC/MSMS (Annamalainathan et. al., 2006). Since the nature of the protein was
already elucidated as a sHSP in earlier studies and further antibody was raised

against the protein preparations.
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ExPASYy tool that was used to carry out the in siHco studies of proteins
was provided as a service to the life science community by a multidisciplinary
team at the Swiss Institute of Bioinformatics (SIB). EXPASy provides access to a
variety of databases and analytical tools dedicated to proteins and proteomics
(Gasteiger et. al, 2003). Detailed study of SHSP protem was carried out using
ExPASy tool. From this data it was found that SHSP protein was less stable as
the Instability index was above 40. A protein with an instability index of less
than 40 is predicted to be stable while above 40 is unstable. The GRAVY value
of a protein is a measure of its hydrophobicity or hydrophilicity and is based on
hydropathy values which ranges from -2 to +2 for most proteins, with the
positively rated proteins being more hydrophobic. GRAVY value is calculated as
the sum of hydropathy values of all the aminoacids, divided by the number of
residues in the sequence (Kyte and Doolittle, 1982). In this study the GRAVY
value of the protein was found negative, with a value of -0.621 predicting the

protein to be hydrophilic in nature (Table 5.3).

Later to predict the sub-cellular localization of the protein the software
PredictProtein was used. PredictProtein, an internet service for sequence analysis
that has been predicting the protein structure and fimction which went online in
1992 at the European Molecular Biology Laboratory (EMBL), and belonged to a
group of five pioneering internet sites for molecular biology. Queried with a
protein sequence the service incorporates various analysis methods which
include sub-cellular localization prediction of proteins which is one aspect of
protein fimction (Rost and Liu, 2003; Yachdav et. al., 2014). Using the software
it was predicted that sHSP protein is located inside the chloroplast. Earlier
studies by Heckathom et. al., (2004) have reported the role of sHSP that is
involved in the protection of PSII in chloroplasts of plants that experience abiotic
stresses including that of metal toxicity. In Hevea the role of SHSP in protection
of thylakoid membrane of chloroplast fi-om oxidative stress leading to survival
during stress or facilitating recovery fi*om stress of this organelle have also been
reported (Annamalinathan et. al., 2010). The sub-cellular localization of the
protein hence was fiirther reaffirmed through the results obtamed via

PredictProtein services (Fig. 5.9).
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In order to determine the association of HhsHSP23.8 gene to drought
tolerance/susceptibiUty of Hevea quantitative expression analyses were carried
out by gPCR (Fig.5.11). The results showed that HhsHSP2i.8 was found
significantly upregulated in relatively drought tolerant clones RRIM 600 and
RRII 430 than other two drought susceptible clones. In case of RRII 105 the
expression level was slightly higher than RRIlI 414 which showed optimum
range of expression. Recent studies using RT-PCR analyses have established the
involvement of HhsHSP23.8 gene in enhancing rubber plant's tolerance to
environmental stresses including drought (Jun et. al. 2015). Significant level of
up-regulation of HhsHSP23.8 in tolerant clones of Hevea in the present study

indicates its strong association with drought tolerance.

In the present study transcript of the LMW protein HbsHSP23.8 from
H. brasiliensis was validated for their association with drought stress tolerance.
This was made possible by quantifying its expression in four different clones of
which two were graded as drought tolerant (RRIM 600 and RRII 430) and
remaining two as drought susceptible (RRII 105 and RRIl 414). The data
obtained from physiological and proteomics studies also supported the fact in the
case of tolerant clones. RRIM 600 and RRII 430 were graded as abiotic stress
tolerant clones in previous studies conducted in Hevea hence suitable for drought
and cold prone regions (Priyadarshan et. al, 2000; Sumesh et. al, 2011; Mydin,
2014). From the gene expression analysis data, HhsHSP23.8 was identified to be
strongly associated with drought responses in clones RRIM 600 and RRII 430
(up-regulation with a tune of 7-8 folds) whereas in RRIlI 105 and RRII 414 the

up-regulation was 4 and 3.3 folds, respectively under drought.
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6.1. Summary and Conclusions

Hevea hrasiliensis is the major commercial source of natural rubber (NR)
and India is one of the leading producers and consumers of natural rubber.
Through extension of cultivation to the non-traditional regions, efforts are being
made to increase the NR production in order to narrow down the demand-supply
gap. Drought is probably the largest factor which limits the agricultural
productivity in general and is the most important factor that prevents the
expansion of cultivation of H. hrasiliensis which affects the performance of the
crop severely in non-traditional regions. The extent and rate of progress in
improving drought tolerant traits in Hevea clones without compromising on the
productivity through conventional breeding is limited owing to its multigenic
nature and complex mechanisms involved. A practical approach could be
searching for candidate genes conferring drought tolerance through screening of
large collection of wild accessions and identification of tolerant genotypes.
Hence, this study was conducted to identify potential drought responsive low
molecular (LMW) weight proteins from H. hrasiliensis which could be

eventually used as a marker for selection of clones for abiotic stress tolerance.

Small heat shock proteins and other stress induced proteins in plants
constitute a diverse and abundant group. Majority of sHSPs are highly induced
upon heat stress, and such expression often confers with increased thermal
tolerance by protecting proteins from irreversible denaturation. The composition
and expression of such proteins have recently been studied in several plants
which play a pivotal role in abiotic stress responses and tolerance. Various
studies conducted on these stress induced proteins indicated the possibility of

employing as potential markers towards developing stress tolerant plants.

In this context, the present study was undertaken to identify and
characterize the role of low molecular weight stress protein from H. hrasiliensis
clones with particular reference to drought stress. Physiological responses of
young plants belonging to ten clones of H. hrasiliensis were initially analyzed
under soil moisture deficit condition. The relative drought tolerance potential of
these clones were evaluated using key physiological parameters such as leaf

water potential, leaf photosynthetic oxygen evolution rate, quantum yield of
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PS 1l and CO2 assimilation rates. Hevea clones viz., RRIM 600, RRII 208 and
RRII 430 were found relatively drought tolerant even as they recorded
comparatively less decline in photosynthesis and PS 11 activity under soil
moisture deficit stress. On the other hand, clones PB 260, RRII 105. RRII 414
and RRII 417 were relatively more drought susceptible in terms of severe
inhibition of various photosynthetic activities under moisture stress. A growth
chamber study was also conducted to understand the interactive effects of
drought and high temperature stress on photosynthetic apparatus in a popular
clone RRIlI 105, grown under different temperature regimes. The impact of
drought and high temperature stresses in this clone was analysed by measuring
photosynthetic pigments, leaf water potential and photosystem Il activity. It was
noticed that when drought was imposed at ambient temperature (30°C) there was
no much reduction in photosynthetic pigments and photosystem Il activity.
When the growth temperature was increased to 35°C and 40T there was a
drastic reduction of chlorophyll, carotenoids and photosystem Il activity.
However, the leaf water potential was found declining in drought imposed plants
under all temperature regimes. These results once again confirmed the degree of

drought susceptibility ofthe popular clone RRII 105.

The clones which were graded as drought tolerant and susceptible based
on physiological responses were further evaluated for stress responsive protein
abundance in photosynthetic apparatus and implications of such proteins in
acclimation and adaptation for drought. The protein responsive to drought stress
showing differential expression in tolerant/susceptible clones was purified by
electro-elution and the homogeneity of the purified protein was fiarther tested by
1-D and 2-D gel electrophoresis. The chioroplast protein profile of clone
RRII 105 grown under different temperature regimes inside the growth chamber
were also analysed to identify the stress responsive protein. In order to develop a
rapid and easy protocol for stress protein identification, total leaf protein
extraction method was also attempted. The results showed prominent abundance
of a low molecular weight protein with a molecular mass of 23.8 kDa which was
found over-expressing in drought exposed plants while a very low to medium
level accumulation was seen in irrigated plants. The relative abundance of this
protein in drought tolerant clones RRIM 600, RRII 430 and RRII 429 was very
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prominent than drought susceptible clones such as PB 260, RRII 414 and Tjir 1
whereas in other clones expression was with medium to optimum range.
However, there was an exception to this general observation in clone RRII 105,
which was graded as drought susceptible from the physiological parameters
studied, but had a relatively fair degree of accumulation of stress protein imder
water deficit condition. The amino acid sequence of the stress protein of
molecular weight 23.8 kDa was reported earlier as a small chloroplast heat shock
protein. Total leaf protein isolated from clones RRII 105 and RRIM 600 when
resolved on SDS-PAGE, only a small fraction of the stress protein was observed.
However, considering total protein extraction is a rapid protocol, it is felt that the
method can be exploited for further studies to screen a large sample through
western blot analysis. In an experiment to study the interactive effect of drought
and high temperature under growth chamber conditions, the clone RRII 105
failed to induce the stress protein significantly compared with their respective
control at all temperature regimes which elucidates the complexity of drought
acclimation when plants are grown under field condition where the effect of
multiple stresses induces or suppress the expression of specific proteins. The
purified protein when analysed by 1-D and 2-D gel electrophoresis resulted in a
single band of approximately 23 kDa in 1-D and as a single spot at pl near to 08
in 2-DE and thereby confirming its homogeneity. Stress protein purified by

repeated electro-elution was later used for raising polyclonal antibody in rabbit.

. Western blot analysis using the antibody raised against 23.8
chloroplast stress protein was validated in known drought tolerant and
susceptible clones as well as in germplasm accessions, the results substantiated
with tolerance/susceptibility traits of clones evaluated based on physiological
parameters. The study also confirmed that there was significant relationship
existed between the abundance of the stress protein and relative drought
tolerance traits (R"=0.58) among the clones studied. Western blotting using total
leaf protein was found rapid when compared to chloroplast proteins preparation.
However, the protein resolution was not refined enough when the question of
accuracy comes. In order to confirm the role of HbsHSP23.8 gene in drought
stress tolerance gene expression analysis was carried out in four elite clones of

Hevea using the gene specific primers. The results of RT-PCR also substantiated

kDa
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the physiological and proteomics results as the gene HbsHSP23.8 was found to
have a stronger association with drought tolerance. From this study it was
confiimed that the relative expression level of the stress protein sHSP23.8
together with other crucial physiological parameters such as photosynthetic
activity can be used as potential screening tools for selection of drought tolerant

clones, wild accessions, ortets, pipelines etc. of rubber plants at a young stage.
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