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INTRODUCTION

Teak (Tectona grandis Linn. f.), a member of family Lamiaceae, is
a deciduous forest tree species which is considered as one of the noblest timber
trees in the world due to its golden hue, wonderful texture and durability (Keogh
1979; 2009). Teak forests distributed naturally in Asia-Pacific region cover
an area of 29,035 million ha in India, Lao, Myanmar and Thailand (Kollert and
Cherubini, 2012). Due to its economic importance, teak has been introduced
widely in the tropical regions since 19" century especially in Asia, Africa, Central

America, and South America (Alcantara, 2013).

The area of planted teak forests is estimated to be 4.3 - 6.8 million ha in
a total of 70 countries, of which 83 per cent are in Asia, 11per cent in Africa, and
6 per cent in tropical America (Kollert and Kleine, 2017; Midgley et al., 2017).
India is one of the major teak producing countries and contains large genetic
variability. Presently, 1.5 million ha of teak plantations exist in India and around
50,000 ha of teak plantations are raised annually (Subramanian, 2000). The
plantations mainly exist in states of Kerala, Karnataka, Tamil Nadu, Andhra
Pradesh, Maharashtra, Madhya Pradesh, Uttar Pradesh, West Bengal, Andaman
and Assam (Sreekanth and Balasundaran, 2013). Teak plantations cover over
70,000 hectares of the State’s total plantation area in Kerala, mainly in Nilambur,
Wayanad, Ranni, Konni, Chalakkudy, Thrissur and Palakkad (Surendran, 2014).

Teak establishes over a wide range of climatic conditions, from very dry
localities with an annual rainfall as low as 500 mm to very moist areas with
annual rainfall up to 5000 mm per year (Seth and Khan, 1958). However, teak
appears to avoid extreme dry and moist conditions (Saxe ef al., 2001). The natural
distribution of teak in wide range of climatic conditions and edaphic zones has led
to development of variance among ecotypes during the processes of evolution.
The genetic components of this variation can be identified by testing and
exploiting the superior populations of plant material to improve yield (Dupuy and

Verhaegen, 1993).


https://www.tandfonline.com/doi/full/10.1080/00049158.2019.1610215

Like many other plant species that grow in tropical environments, teak
plantations are also exposed to long periods of drought stress. Consequently,
a wide variation in the performance of different ecotypes has been previously
recognized (Keogh, 1982; White, 1993). Water stress affects the most important
determinants of yield-canopy architecture, photosynthesis and partitioning of
assimilates.

The threat of global warming will increase the occurrence of drought in
tropical regions and vulnerability of plants towards drought may lead to
modification in growth, photosynthesis and anti-oxidative defense mechanism in
various plant species. Drought affects morphological, physio-biochemical and
molecular processes in plants which results in growth inhibition, stomata closure
with consecutive reduction of transpiration, decrease in chlorophyll content and
inhibition of photosynthesis, protein and nitrogen metabolism and differential
responses in anti-oxidative enzymes to cope with the osmotic changes in their
tissues (Chaves et al., 2009). Efforts are to be made to find genotypes which are
tolerant to drought stress. Evaluation of genotypes with high yield which can
tolerate stress and understanding the associated characters are essential for

improving crop productivity under drought stress conditions.

The present study attempts to identify the physiological and metabolic
responses among plus trees of teak from various provenances of Kerala exposed
to drought stress in order to identify the superior germplasm suitable for breeding
programs for drought tolerance. The study was formulated with following

objectives:

1) To evaluate the variability of drought stress and drought recovery on
morphological, physiological and biochemical responses among plus trees of teak

in different provenances of Kerala.

2) To study the responses of physiological and biochemical characters

during drought stress and drought recovery in teak.
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REVIEW OF LITERATURE

2.1 GENETIC IMPROVEMENT OF TEAK

Among the tropical woody trees, considerable work with regard to genetic
improvement in teak has been done in India. Laurie (1938) stressed the
significance of establishing tree plantation from good seed source. Sen Gupta
(1939) clarified the superiority of seeds of local origin compared to the seeds from
region outside the natural range of teak. He tested teak seeds from different
origins and found that seeds of Nilambur origin grow better in dry zones
compared to seeds of other origin. Similar observations were made by Kadambi in
1945. Egenti (1977) observed existence of variation in vigour and form of
different teak seedlings among various provenances, where he noticed a clear
difference in branching habit and foliage between provenances from India and
other countries. Ferguson (1938) mentioned that the factors controlling stem form
and branching in teak is constant for an individual tree. He pointed out that the use
of seeds from selected trees is the only way to improve the quality of the stem.

An early attempt was made to improve the planting stock of teak when the
first teak plus tree selection was done by Kedharnath and Mathew in 1961. Many
authors reported that the plus trees selection and the regeneration of these
selections through grafting could be the perfect methodology as the initial stage of
tree improvement programme (Kedharnath and Matthews, 1962). Jones (1970)
mentioned the common defects in the tree form that should be avoided during plus
trees selection. Various tree characters like vigour, height, girth, fibril angle,
fluting, and buttressing were reported to be heritable. Based on this knowledge,
action programmes were started regarding plus trees selection, seed stands, clonal
seed orchard establishment, plus trees evaluation and elite seed orchard
establishment. As a consequence, selection of plus tree, seed stands and clonal
seed orchard establishment progressed well in India. Kedharnath et al. (1969)
have also clarified that considerable genetic gain can be obtained through
selection since various tree characters are heritable. Keiding (1966) proposed the



selection of seed production areas for seed collection to provide a temporal source
until seed orchards produce seeds sufficiently. He suggested a procedure for the
establishment of seed production area where the selected seed stands should be
superior to the surrounding stands and are marked, in which all the undesirable
trees are removed while retaining only the good trees.

2.2 VARIATION IN TEAK PLUS TREES

Plus trees may be defined as outstanding individuals occurring in natural
stands or in aged plantations having a number of desirable features. It is to be
expected that such trees occur in low frequency and may be hard to find. But they

do exist. These trees form the foundation for tree improvement by selection.

Progeny evaluation is one of the selection methods followed in tree
improvement programs where superior genotypes are selected based on the
performance of their respective progenies at an early age by providing similar
environmental (growth) conditions (Wright, 1976). Individuals selected through
this method are known to be superior with respect to their genetic characters.
Hence, plus trees are generally graded as elite types based on progeny

performance in progeny trials (Vasav et al., 2011).

Kedharnath (1980) illustrated the important progress made in India for the
selection of plus trees and breeding work in Tectona grandis with the mention of
availability of overall 700 plus trees in various states since 1960. Till now more
emphasis in teak plus tree selection has been given to vigour, form and crown of
the selected tree in comparison to its check tree. This contributes to the yield in
quantity of wood production of future plantations. A new approach has been
undertaken by the authors who have come across the trees of Tectona grandis for
different purposes other than yield or quantity of wood like resistance to adverse
condition and resistant to important diseases and insect pests (Kedharnath, 1982).

As per Mathew's guidelines in 1961, Coimbatore gene bank was

established in Dehradun and was organized by planner in Forestry Research. In



later years, variability was observed between plus trees established in Dehradun.
Teak is reported to be a highly frost susceptible species and was found to be
difficult to introduce to the frost belt of Northern India. One frost resistant clone
with good germination was identified. Along with this, a clone for better growth
has also been isolated. These two strains were raised in the campus of Forest
Research Institute and yearly observations on various aspects have been recorded.
The work has been taken over to the level of establishment of small seed orchards
for these two strains with the objective of combining frost resistant and good
growth traits in the genetically improved variety for large scale plantation in frost
prone regions of the country (Vakshasya et al., 1988).

Observations were recorded over the years on the relative
resistance/susceptibility of the various teak clones under natural conditions to two
leaf infecting fungi in the clonal seed orchard at New Forest, Dehradun and the
germ plastm bank. The infection exhibited steady reaction where some clones
showed complete resistance, some clones showed high susceptibility while some
clone showed moderate resistance. However, both fungi diseases were not

economically important (Kedharnath and Pratap-Singh, 1975).

2.3 DROUGHT AND RECOVERY RESPONSES IN WOODY PLANT

Recent experiences of extreme climate conditions results in forest decline
(Choat et al., 2018). Globally, drought is one of the major reasons of increasing
tree mortality (Allen et al., 2015). Climate change scenarios may intensify

frequency and severity of the drought in the near future (Wassmann et al., 2009).

Plants evolves the following strategies to tolerate water deficit: (1) drought
avoidance by reducing water loss via rapid stomatal closure and also leaf area or
canopy cover reduction (Yu et al., 2017); (2) drought tolerance through adjusting
the osmoregulatory molecules and increasing the cell wall elasticity to maintain
the cell turgor pressure (Yi et al., 2016); (3) drought escape through completing
their life cycle by avoiding severe water limitation during growth production

(Izanloo et al., 2008), and (4) drought recovery by resuming the growth and



yielding gain after water stress-induced which causes a complete loss of cell
turgor pressure and leaf dehydration (luo, 2010). Plants are able to employ these

strategies consecutively or simultaneously in response to drought stress.

Considerable damage in many plant functions might be induced by
drought stress. Reduction in carbon assimilation is the main effect which in turn
results in imbalance of excited and utilized electrons through photosynthesis,
leading to generation of reactive oxygen species (Benhassaine-Kesri et al., 2002).
This cause oxidative stress by damaging cell membrane, protein and nucleic acids
(Benson et al., 2004). Intercellular concentration of malondialdehyde shows the

degree of oxidative stress extension (Bernacchi et al., 2002).

To overcome stress, plants possess enzymatic and non-enzymatic activities
mechanism to detoxify reactive oxygen species (ROS) like super oxide dismutase,
peroxidase and catalase (Bernacchi, 2002). In order to maintain cellular function
plants may alter their water relations (Bai et al.,, 2008). Plants show
osmoregulatory adjustment through synthesizing and accumulating convenient
solutes like free amino acids, sugar, and proline (Ethier and Livingston, 2004).
Adjusting the osmoregulation gives the plant an opportunity to maintain metabolic
functions through maintaining turgor pressure and cell volume at low water
potential (Bai et al., 2008; Souza et al., 2004). This may affect growth and
production of the plant differentially relying on various variables like the stress
length, the plant vegetative status, and the existence of other adverse

environments such as high temperatures and high light irradiance (Kaiser, 1987).

Stress severity along with specific physiological changes like stomatal
conductance, photosystem Il down-regulation, conductance loss in xylem and
outside-xylem tissues clarify whether stress-effects are permanent or speedily
reversible (Miyashita et al., 2005). This changes can be utilized an index for
stress-recovery (Ruehr et al., 2019). This, in turn, lead to three stress phases
related to different recovery: (1) Mild stress-fast recovery where hydraulic

tension increases which first affects stomatal conductance, but does not drop for



prolonged time beneath critical levels (near to stomatal closure) and loss of xylem
conductance does not happen then responses should be fast and completely
reversible (Ameye et al., 2012) (2) Moderate stress-delayed recovery: Exposure to
higher temperature (>40°C) can cause PSII inhibition and results in tissue necrosis
which typically delays recovery (Huve et al., 2011; Curtis et al., 2014). (3) Severe
stress-impaired recovery: If the stress dosage is further increasing, non-reversible
tissue damage develops. Continued high temperature stress will result in
persisting leaf damages, while desiccation will ultimately result in massive
hydraulic conductance in both outside-xylem and xylem tissues (Brodribb et al.,
2010; Li et al., 2015). In addition, osmotic adjustment facilitates the recovery of

metabolic activities after relief from stress (Souza et al., 2004).

Moreover, if drought frequency increases and the time between stress
periods decrease, recovery rate might determine survival (Schwalm et al., 2017).
Recovery of different physiological processes over time is typically measured
relative to a control treatment or to pre-stress conditions and generally falls into
three broad categories: (1) Complete recovery occur with and without repair
mechanisms involved (Xu et al., 2010). (2) Partial recovery where damaged
tissues may not be fully restored. (3) Compensatory recovery where stress-
induced reductions are recompensed by investments into alternative processes and
tissues (Cano et al., 2014). In some cases, overcompensation occurs, as has been
shown in previously drought-stressed trees growing taller than control trees
(O’Brien et al., 2017).

2.4 IMPACT OF DROUGHT STRESS

2.4.1 Effects of drought stress on morphological characteristics.

The success of plantation in the field is determined by seedling growth
characters which are influenced by both the genotype and environment. When
influences of genetic components are greater, it leads to higher characteristic
variations, which is more effective and better for selection through provenance

trial. It has been observed that maternal effects exert greatest influence on the



growth of seedlings which diminishes with age, and not likely to be correlated

with the performance of the individuals at a mature stage (O’Brien et al., 2017).

A study conducted by Rawat and Bakshi (2011) clarified that coniferous
species had significant variation between provenances like many tree species.
However, effect of provenance in the seedling traits need not always be reflected

in the later stages of growth.

Dlamini (2010) observed high significant differences for seedling height
and root collar diameter between provenances at five and eight months old
seedlings of Sclerocarya birrea. However, at eight months non-significant
variations were depicted in height and root collar diameter increment percentage
indicating that the best seedlings at the age of eight months are not necessarily the

one that were growing best at five months.

Jayasankar et al. (1999) observed high variations in performance of teak
seedlings from seven teak provenances. The variations were appeared to be under
genetic control. They also suggested grading of seedlings at an early age based on
their height and collar diameter as the provenances performance in the field

follow nursery growth patterns.

Xiao and Zhiling (2012) studied fifteen provenances of Magnolia
officinalis trees and observed a considerable variation among the provenances in
shoot length, collar diameter, number of leaves per plant, main root length and dry
weights. They found that provenance effect contributed 93 per cent of the total
variation in seedling height and collar diameter. This indicates that adequate
genetic variability for seedling height exists for the species and can be used for
early selection of provenance. Egenti (1977) reported the differences in branching

habit between Indian teak provenances and others.

It has been established that drought stress is a very important limiting
factor at the initial phase of plant growth and establishment. It affects both
elongation and expansion growth (Anjum et al., 2003; Bhatt and Rao, 2005;
Kusaka et al., 2005; Shao et al., 2008).



Zou et al. (2007) suggested that genotypes with drought resistance can be
identified by measuring yield potential, delay in flowering, and reduction in plant
height under well-watered and drought stressed test environments. Genotypes may
differ in their recovery growth after vegetative stage drought. This might be
related to the amount of leaf that remained after drought (Mitchell et al., 1998).

2.4.2 Effects of drought stress on physiological parameters

2.4.2.1 Relative water content

Relative water content (RWC) is probably the most appropriate measure of
plant water status in terms of the physiological consequence of cellular water
deficit. It expresses the relative amount of water present in the plant tissues.
A decrease in the relative water content in response to drought stress has been
noted in wide variety of plants when leaves were subjected to drought (Nayyar
and Gupta, 2006).

When two poplar species cuttings were subjected to progressive drought
stress, relative water content decreased to 23.3 per cent in Populus cathayana,
while in Populus kangdingensis it was 16 per cent. Relative water content was
affected by the interaction of severity, duration of the drought event and species
(Yang and Miao, 2010).

According to Husen (2010) the relative water content (RWC) of two teak
clones (FG1 and FG11) decreased significantly when subjected to progressive
drought of 5, 10, 15 and 20 days of withdrawing irrigation. Clone FG1 showed
RWC of 67.75 per cent, 51.17 per cent, 43.89 per cent and 35.46 per cent
respectively, whereas it was 60.53 per cent, 48.65 per cent, 40.10 per cent and
33.49 per cent respectively in clone FG11. After five days of re-watering FG1

showed values comparable to FG11.
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2.4.2.2 Canopy air temperature differences

Measurements of canopy air temperature differences (CATD) have been
widely used in recent years to study genotypic response to drought. CATD has
been used to assess plant water status because it represents an overall, integrated
physiological response to drought and high temperature (Amani et al., 1996).

Leaf water potential, leaf rolling, leaf drying, canopy temperature and
delay in flowering time can reflect the internal plant water status under water
stress, and these traits can be considered as integrative traits to identify drought

resistant genotypes (Pantuwan et al., 2002; Jongdee et al., 2002).

2.4.2.3 Photosynthetic rate

The ability of crop plants to acclimatize to different environments is
directly or indirectly related with the plant’s ability to acclimatize at the level of
photosynthesis (Allen and Ort, 2001), which in turn affects biochemical and
physiological processes and consequently, the growth and yield of the whole plant
(Chandra, 2003).

Due to stomatal closure and reduced CO; assimilation, drought reduces the
amount of available C within the plant (Allen and Ort, 2001; Gollan et al., 1992).
Also the allocation of assimilated C to different plant organs is affected, resulting

in retardation of growth under drought (Ruehr et al., 2009).

Husen (2010) found that inducing 20 days treatment over FGI and FG11
teak seedling clones led to decrease in net photosynthetic rate by 69.22 per cent
and 74.25 per cent respectively. While during recovery both teak clones showed
incomplete recovery compared to control (8.87 pmol CO, m? s™ and 8.66 umol

CO, m? s respectively).
2.4.2.4 Stomatal conductance

Stomatal conductance reduces transpiration and plays essential role in

regulating plant water balance. Stomata closure also reduces cell expansion and
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growth rate leading to a significant reduction in biomass and yield (Nemeskeri et
al., 2015; Rauf et al., 2016). Many scientists believe that the first reaction of
plants to severe drought is the closure of their stomata to prevent the water loss
via transpiration (Mansfield and Atkinson, 1990; Berry et al., 2010; Casson and
Hetherington, 2010; Brodribb and Mc-Adam, 2011; Torres-Ruiz et al., 2013;
Nemeskeri et al., 2015).

Stomatal conductance decreased by 82.56 per cent and 86.21 per cent
respectively in FG1 and FG11 teak clones imposed with drought for 20 days.
After five days of re-watering the clones did not recover fully. They were showing
stomatal conductance as 0.145 mol m? s and 0.123 mol m? s* respectively after
re-watering compared to control 0.195 mol m? s and 0.20 mol m? s*

respectively (Husen 2010).

2.4.2.5 Transpiration

Transpiration rate plays a major role in estimating drought tolerance of
plants. Water stress has been known to reduce the transpiration rate in plants as
confirmed by many authoros like Gartner et al. (2009), who found that birch and
Norway spruce trees reduced their transpiration in response to drought. Similar
findings were observed (Seiler and Johnson, 1985) in one year loblolly pine
(Pinus taeda L.) seedling which reduced 30 per cent of transpiration rate when

induced to drought.

Husen (2010) observed significant inhibition in transpiration rate of two
clones of teak (FG1 and FG11) exposed to progressive drought treatment (5, 10,
15 and 20 days). Transpiration rate in FG1 was 1.93 mmol H,O0 m? s, 1.09
mmol H,0 m? s* 097 mmol H,O m? s* and 0.59 mmol H,O m? s
respectively compared to control 2.12 mmol H,O m™ s* while in FG11 it was
1.91 mmol H,0 m? s*, 1.05 mmol H20 m® s™, 0.88 mmol H,0 m? s™ and 0.56

-1 1

mmol H,O m? s? respectively. In control it was 2.10 mmol H,0 m? s™.

Complete recovery was shown by both the clones when irrigation was resumed
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for 5 days with the rate transpiration of 2.03 mmol H,O m? s® and 2.04 mmol

H,0 m?s™ respectively.
2.4.2.6 Photosynthetic pigments

Photosynthetic pigments are important to plants mainly for harvesting
light and production of reducing powers. Severe drought stress inhibits the
photosynthesis of plants by causing changes in chlorophyll content, by affecting
cholorophyll components and by damaging the photosynthetic apparatus (lturbe-
Ormaetxe et al., 1998). Drought stress caused changes in chlorophyll ‘a’ and ‘b’
ratios and carotenoids (Farooq et al., 2009). The chlorophyll decreases mainly
because of damaging of chloroplasts by active oxygen species (Smirnoff, 1993).
Ommen et al. (1999) reported that leaf chlorophyll content decreases as a result of
drought stress. Farooq et al. (2009) reported that both the chlorophyll ‘a’ and ‘b’

are sensitive to water deficit.

Excessive drought resulted in large decline in chlorophyll a, chlorophyll b,
and total chlorophyll content in teak clones FG1 and FG11. While both clones
showed complete recovery in chlorophyll b and total chlorophyll after
rehydration for 5 days. FGI1 showed partial recovery in chlorophyll a compared
to control (Husen, 2010).

The chlorophyll content decreased to a significant level at higher water

stress conditions in young apple tree (Wang et al., 2018)

2.4.2.7 Chlorophyll stability index

High chlorophyll stability index helps the plant to withstand stress
conditions through better availability of chlorophyll. This results in increased
photosynthetic rate and high dry matter production (Mohan et al., 2000).

2.4.2.8 Membrane stability index

Cell membrane stability is a major physiological index used for the

evaluation of drought tolerance (Premachandra et al., 1992). Biological
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membranes are the first target of many abiotic stresses and it is generally accepted
that the maintenance of integrity and stability of membranes under water stress is
a major component of drought tolerance in plants (Bajji et al., 2001). Dhanda et
al. (2004), in their work displayed that membrane stability of leaves was the most
important trait to screen the germplasm for drought tolerance.

A study done by Husen (2010) in two teak clones showed that membrane
stability increased by 72.29 per cent in FG1 and, while in FG11 it was 89.05
per cent when subjected to water stress for 20 days. However, after re-watering
for 5 days, clones of FG11 did not show complete recovery as compared to FG1

and control.

In another study conducted on Populus species by Pelah et al. in 1997, it
was found that water stress led to an increase of membrane stability. However, the
membrane stability of Populus popularis leaves were significantly lower than

those of Populus tomentosa.

2.4.3 Effects of drought stress on biochemical parameters

2.4.3.1 Total soluble protein content

Variation in total soluble protein content (TSP) is an essential part of plant
response to environmental stress as well as for plants adaptation to changes in
environmental conditions (Vierstra, 1993; Hieng et al., 2004). Pierre and Savoure
(1990) and Roy-Macauley et al. (1992) showed that TSP got decreased when
plants were exposed to drought. However, studies by Todd and Basler (1965)
showed that TSP had no influence on plants exposed to water stress. Husen (2010)
noticed that after 20 days of inducing water stress there was increase in TSP
content by 39.27 per cent and 38.81 per cent, respectively, in two teak clones
(FG1 and FG11) Five days of rehydration did not resulted in complete recovery of
the plants.
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2.4.3.2 Nitrate reductase activity

Nitrate reductase activity (NRA) is one of the most sensitive enzyme to
water stress (Ferrario-Mery et al., 1998 ; Foyer, 1998) and gives a good estimate
of the nitrogen status of the plant and is very often associated with growth and
yield (Srivastava, 1980). It catalyzes the NO3z to NO,. reduction and is, considered
as a limiting step for conversion of nitrate-N to amino acids and so for protein
synthesis (Ferrario-Mery et al.,, 1998). In higher plants, cytosolic
NAD(P)H-nitrate reductase (NRA) is rapidly modulated by environmental
conditions such as light, CO,, or oxygen availability. Photosynthesis activates
60-80 per cent of NRA in leaves whereas after stomatal closure, leaf NRA is
inactivated down to 20 or 40 per cent of its maximum activity (Kaiser et al.,
1999).

2.4.3.3 Accumulation of osmoregulators

Among the various mechanisms used by plants to reduce the negative
effects of water stress, many plant species accumulate soluble organic
compounds, such as osmoregulators. This process is known as osmotic adjustment
and it is considered as an important tolerance-mechanism, which allows the
maintenance of cellular turgor and favors the absorption of water (White et al.,
2000; Chaves et al., 2003). In this process, the biosynthesis and accumulation of
non-toxic molecules of low-molecular weight in the vacuole and cytosol, such as
inorganic ions, free amino acids, proline, glycine-betaine and soluble sugars
occurs. This along with other things contributes to keep the integrity of cellular
membranes and proteins, which are necessary for metabolic activities. Therefore,
studies on the accumulation of these molecules have been used as physiological
indicators in the evaluation of drought tolerance in several species (Shao et al.,
2008; Farooq et al., 2009).
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2.4.3.3.1 Free amino acid

Several amino acids can act as precursors for the synthesis of secondary
metabolites and signalling molecules. Polyamines are derived from Arginine
(Alcazar et al., 2006). Recent studies also suggested that autophagy and abscisic
acid-induced protein turnover contribute to the increase in free amino acids
(Barros et al.,, 2017; Hildebrandt, 2018; Hirota et al., 2018). In situations of
insufficient carbohydrate supply plants can use amino acids as alternative
substrates for mitochondrial respiration due to a decrease in photosynthesis rates
that usually occur during stress conditions, (Araujo et al., 2011; Hildebrandt,
2018; Hildebrandt et al., 2015).

When two teak clones were subjected to progressive drought stress (FG1
and FG11), the increase of free amino acid was 60.18 per cent in FG1 whereas it
was 59.34 per cent in FG11 after inducing drought stress for 20 days. After
5 days re-watering FG11 showed incomplete recovery (Husen, 2010).

Extensive amino acid accumulation in response to drought stress has been
reported for leaves of six-month old jack-plants, two apple cultivars and sugar
apple plants when subjected to eight days of water deficit (Rodrigues et al., 2010)
and (Sircelj et al., 2005).

2.4.3.3.2 Proline

Apart from the role of proline as an osmolyte, it is also considered as
a potent antioxidant and potential inhibitor of programmed cell death (PCD).
Proline acts as nonenzymatic antioxidant that plant requires to mitigate the
adverse effect of reactive oxidase species (ROS). Functional role of proline
appears to be cytoplasmic osmoticant to lower cell water potential and make the
plant to absorb water from soil (Dalvi, 2015).

According to Husen (2010), proline accumulated progressively in teak

clones under moisture stress. Highest accumulation was 87.09 per cent and
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82.09 per cent in FG1 and FG11, respectively. While complete recovery was

shown by both clones after five days of re-watering.

Juby (2019) in her study on cocoa hybrids under moisture stress observed
increase in proline accumulation ranging from 855 to 2817 ug gt Two
Mediterranean shrubs (Halimium halimifolium L. and Pistacia lentiscus L.) were

reported to accumulate proline during stress as well (Ain-Lhout et al., 2001).

Similar results were found in olive tree (Sofo et al., 2004), leaves of
grapevine (Schultz and Matthews, 1993) apple trees (Wang et al., 1995) and
cherry trees (Ranney et al., 1991).

2.4.3.3.3 Glycine betaine

Quaternary ammonium compounds (QACS) viz., glycine betaine, choline
and proline betaine are key osmolytes contributing towards osmotic adjustment
(Huang et al., 2000). QAC:s like glycine betaine in low concentration can improve
salt and cold stress tolerance, possibly by protecting photosynthetic protein
complexes (Holmstrom et al., 2000), by reducing lipid peroxidation of the cell
membranes (Chen et al., 2000), or by stabilizing enzymes and membranes during
stress conditions (Sakamoto and Murata, 2000). Levels of accumulated glycine
betaine are generally correlated with the extent of stress tolerance (Rhodes and
Hanson, 1993).

Glycine betaine accumulation has been found in many crops like sugar
beet (Beta vulgaris), spinach (Spinacia oleracea), barley (Hordeum vulgare),
wheat (Triticum aestivum) and sorghum (Sorghum bicolor) (Weimberg et al.,
1984; Fallon and Phillips, 1989; Mc-Cue and Hanson, 1990; Rhodes and Hanson,
1993 and Yang et al., 2003) under stress conditions.

2.4.3.3.4 Total soluble sugar

Total soluble sugar (TSS) is substrate in the synthesis of various amino

acids which act as antioxidant and osmoregulator to reduce osmotic potential of
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cells and protect cells from a variety of free radical compounds. The quantity of

TSS varies in the stress reaction of different plant species (Hudak et al., 2010).

Many authors reported different influence of water deficit in TSS, as these
solutes regulate plant structure and physiology in a complex manner (Lemoine,
2013), and their roles in plant metabolism are conflicting in various plant species
under different stress conditions (Gorham et al., 1981; Akinci and Losel, 2009).
Drossopoulos et al. (1987) and Fazeli et al. (2006) showed that total soluble
sugars were increased in wheat, sesame, maize, fenugreek, and alfalfa plants
under stress. While, Steward (1971) and Pattanagul and Madore (1999) found that
TSS had either stable or decreasing concentrations in the cotyledons of soybean,

watermelon, variegated coleus, and in maize under moisture stress.

Husen (2010) noticed that after 20 days of inducing water stress there was
increase in TSS in two teak clones FG1 and FG11 by 27.36 and 26.81 per cent
respectively and after 5 days of rehydration they did not recovered fully. Another
study conducted by Silva et al. (2009) showed reduction of TSS in leaves after
31 days of water stress in six-month-old seedlings of four umbu tree genotypes.

2.4.3.4 Antioxidant enzymes

In plants, there is a defensive system, to avoid injuries of active oxygen
and thus guaranteeing normal cellular function (Horvath et al., 2007). The balance
between ROS production and activities of antioxidative enzyme determines
whether oxidative signaling and/or damage will occur (Moller et al., 2007). To
minimize the effects of oxidative stress, plants have evolved a complex enzymatic
and non-enzymatic antioxidant system, such as low molecular mass antioxidants
(glutathione, ascorbate, carotenoids) and ROS scavenging enzymes like
superoxide dismutase (SOD), peroxidase (PDX), catalase (CAT), ascorbate
peroxidase (APX) (Apel and Hirt, 2004). Efficient destruction of O,- and H,0; in

plant cells requires the concerted action of antioxidants.



18

2.4.3.4.1 Superoxide dismutase

Superoxide dismutase (SOD) is most efficient intracellular enzymatic
antioxidant and provides the first defense response against the toxic effects of
high levels of ROS by converting it to H,O, and O,. Increased activity of SOD
observed in many studies points towards its induction to quench higher levels of

superoxide radical generated due to NaCl stress (Sheokand et al., 2008).

A study was conducted in two teak clones (FG1 and FG11) by inducing
progressive drought stress for different periods (5, 10, 15 and 20) and rehydration.
The SOD activity increased as the drought stress progressed and reached the
maximum after 20 days of stress imposition. On rehydration for five days, SOD
values got decreased but complete recovery compared to control was not observed
(Husen, 2010).

Ren et al. (2016) observed no variations in the activity of SOD in
seedlings of two genotypes (HR and ND4) of Cerasus humilis at optimal growth
conditions. But when subjected to water stress, HR showed increase in SOD
activity by 67 per cent while ND4 showed no difference compared to normal

condition.

Wang (2014) in his study on rubber trees found that the SOD activity
increased at 3 days of inducing water stress, however from 5 to 9 days of inducing
water stress, there was decrease in SOD activity. These result meant that rubber
tree seedlings was not tolerant to water stress, and the mechanism of defensive
system of biochemical responses by SOD activity lasted only for 3 to 5 days after

inducing water stress.

2.4.3.4.2 Peroxidase

Peroxidase (PDX), an iron heme protein, which accelerates the reduction
of H,O, with a concurrent oxidation of a substrate, mostly located in cell wall; it
is also involved in oxidation of phenol compounds as the key enzyme for

polymerization towards the synthesis of lignin (Gaspar et al., 2002; Ozdemir et
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al., 2004). PDX is a major enzyme scavenging H,O, in chloroplasts produced

through dismutation of O,- catalyzed by superoxide dismutase.

Husen (2010) opined that after 20 days of withholding water from teak
seedling clones resulted in elevated expression of PDX by 27.53 per cent and
25.44 per cent in FG1 and FG11 clone, respectively. After 5 days of re-watering,

FG11 clone show a complete recovery, while FG1 was not fully recovered.

Wei et al. (2015) reported that there was intensive increase in PDX
activity during drought stress in Diospyros lotus. There was only slight increase
observed in PDX two genotypes of palm tree (Neto et al., 2018) and one year old
walnut tree (Lotfi et al., 2010) after induction of stress. Wang (2014) reported
slight increase of PDX activity in rubber tree after exposing water stress for one
day and later it got decreased continuously from 3 to 9 days of exposing to water

stress.

2.4.3.5 Malondialdehyde

Lipid peroxidation, one of the most important causes of cell deterioration
during drought stress, generates changes in the composition of fatty acids which
affect the structural and functional properties of cell membranes, such as the
inactivation of membrane-bound proteins and the increase in membrane
permeability (Smirnoff 1993; Asada 1999). Very often MDA levels have been
utilized as a suitable marker for membrane lipid peroxidation (Masia, 2003).
MDA is a widely used marker of oxidative lipid injury caused by environmental
stress (Kong, 2016).

Husen (2010) found that two teak clones exposed to drought stress for 20
days led to accumulation in MDA content by 172.73 per cent in FG1 and by
182.78 per cent in FG11. Complete recovery was observed in both clones after

five days of rehydration.
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MATERIALS AND METHODS

An experiment was carried out at the Department of Forest biology and

Tree Improvement, College of Forestry, KAU from August 2018 to April 2019, to

investigate on “Drought response in plus trees of teak (Tectona grandis Linn.

f.) provenances of Kerala”. The experiment was planned and executed as

described below.

3.1 EXPERIMENTAL MATERIAL

Experiments were conducted with eleven plus tree accessions of Tectona

grandis. One year ramet of Tectona grandis were obtained from The Division of

Plant Genetics and Tree Breeding, Kerala Forest Research Institute (KFRI),

Peechi. The details of Tectona grandis plus trees accessions is given in Table 1

Table 1. Details of the plus tree accessions used in the study

No. Accession Forest Range Locality
allotted No. Division
! KFRI T1 Nilambur Nilambur Aravallikkavu
2 KFRI T4 Nilambur Edavanna Edacode
3 KFRI T5 Nilambur Karulai Karulai
4 KFRI T9 Nilambur Karulai Cherupuzha
S KFRI T16 Konni Naduvathmuzhy | Naduvathmuzhy
6 KFRI T24 Kannavam Kannavam Nedumpoil
! KFRI T44 Wyanad Begur That Road**
8 | krRITSS Nilambur Karulai Karulai
% | KFRIT116 Thrissur Pattikkad pattikkad
10 KFRI T142 Konni Naduvathumuzhy Vayakkara
1 KFRI T144 Aryankavu Aryankavu Anchumocku

The study comprised of two experiments:
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3.1.1 Experiment-I: Screening of ramet performance

One year old ramets were evaluated for their initial vigour and growth
performance for six months. The seedlings were kept in poly house covered by
white polyethylene plastic sheet in all side (6 m x 4 m) for almost three month.
After that, the seedlings were transplanted in polybags (12°° x 10°"), filled with
the mixture of loam soil, sand and farmyard manure in 2:1:1. These polybags
were kept inside a shade house; the upper portion of shade house was covered
with green plastic shade, while the other parts remained open. Complete
protection was provided against diseases by foliar spray with fungicides when
required. Further these plants were maintained carefully by regular watering and

weeding.

The randomized block design was used for this experiment. Three
replications, each of five plants (3 x 5 = 15) were used for each treatment (Eleven
accessions) and in total 165 teak seedlings were maintained. Initial reading, after
three months and after six months were obtained by measuring the height,
diameter, branch number and total leaves number of the individual ramet. The

physiological and biochemical measurements were also taken at six months age.

3.1.2 Experiment-11: Screening of ramet at drought and recovery

The study materials used in the first experiment were used for this
experiment too. All plants were irrigated to field capacity. Drought stress was
imposed by withholding water till the majority of plants showed signs of wilting.
These plants were then irrigated to relieve the stress through regular irrigation to
field capacity. This cycle of drought was repeated again by withholding water till
wilting signs appeared. The second cycle of drought was considered as ‘maximum
stress’ where biometric, physiological and biochemical observations were taken.
Immediately after this, the plants were irrigated to field capacity and maintained
as stress free through continuous irrigation. The plants after recovery were
denoted as ‘recovered plants’ and morphological, physiological and biochemical

measurements were taken at this stage.



Plate 2. Teak seedlings in nursery after three months

SE T




b. Seedling after re-watering foIIoing drought stress
Plate 4 a-b. Views of plantlets of teak plus tree accessions during drought stress
and after rehydration.
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3.2 OBSERVATIONS RECORDED
3.2.1 Biometric parameters

3.2.1.1 Height

The height of all seedlings were measured from base to the top of the plant

with the help of meter scale and recorded as plant height (cm).

3.2.1.2 Diameter

The basal diameter (mm) was measured from the collar region of plants of

each bag.

3.2.1.3 Leaves number

The total number of leaves per plant was counted in each bag and then the

average was calculated.

3.2.1.4 Branch number

The total number of branches per plant was counted in each bag and then

the average was calculated.

a. Diameter measurement using Digital b. Height mesurement using Meter
calliper scale

Plate 5 a-b. Recording observation on biometric parameters
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3.2.2 Physiological parameter

Mature and healthy leaf of the seedling was used to take the different

physiological characters.

3.2.2.1 Relative Water Content (RWC)

Relative Water Content is a measure of plant water stress in terms of the
physiological consequence of cellular water deficit. It estimates the current water
content of the sampled leaf tissue relative to the maximal water content it can hold

at full turgidity.

Fresh leaves were used to take twenty leaf discs of one centimeter
diameter and fresh weight of each disk was recorded. Petri dishes containing the
disks were filled with distilled water and kept for soaking at room temperature
and ambient light for four hours. The wet discs were bloated using tissue paper
and then the turgid weight was recorded. The leaf discs were then oven dried at
80°C for 6 hours and the dry weight was recorded (Barrs, 1962). RWC was

estimated as follows

Fresh ight -D ight
resh weig ry weig Y 100

RWC (%) =

Turgid weight— Dry weight

3.2.2.2 Canopy air temperature (CATD)

The leaf temperature was measured using the Infrared Thermometer.
Canopy temperature depression was calculated through the difference between air
temperature (Ta) and canopy temperature (Tc). The reading was recorded during

morning hours.
CATD =Ta-Tc
3.2.2.3 Photosynthetic rate (Pn)

The photosynthetic rate of leaves was measured using the Infrared Gas
Analyser (IRGA). The reading was recorded during morning hours.
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3.2.2.4 Stomatal conductance (Gs)

The stomatal conductance was measured using the infrared gas analyser
(IRGA). The reading was recorded during morning hours.

3.2.2.5 Transpiration rate (E)

The transpiration rate of leaves was measured using the infrared gas

analyser (IRGA). The reading was recorded during morning hours.

3.2.2.6 Photosynthetic pigment and Chlorophyll content

Fresh leaf sample (0.1 gm) was collected and cut into small pieces and put
in a test tube. Seven ml dimethyl sulfoxide (DMSO) was added to the test tube.
The mixture was kept in dark at room temperature overnight. Three ml of DMSO
was added to make it up to 10 ml (V) after the period of incubation and were
mixed well. Absorbance of the solution was read at 663 nm and 445 nm in a

spectrophotometer. Chlorophyll a and b were determined using below equation.

Chlorophyll a = 12.7 (A at 663) - 2.69 (A at 445) x — —
Chlorophyll b = 22.9 (A at645) - 4.69 (A at 663) X ——

A at 652 1000 x W
34.5 1000 x W

Total chlorophyll content =

3.2.2.7 Chlorophyll Stability Index (CSI)

Two sets of fresh leaf samples of 0.1g were cut into small pieces. One was
kept in distilled water and was subjected to a temperature of 55°C for 30 minutes
on hot water bath (treated) and the other sample was kept at room temperature
(control). The treated samples were cooled to room temperature after the
treatment period. After draining the samples 7 ml dimethyl sulfoxide (DMSO)
was added to each tube. The samples were incubated overnight at room
temperature in dark. After the incubation period, three ml of DMSO was added to
make it up to 10 ml (V). The absorbance at 652nm (A652) was recorded
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1

(Kaloyereas, 1958). The chlorophyll content (mg g~ = of fresh tissue) of the

samples (control and treated) were estimated as shown below:

A et 652
MH5x FW

Total chlorophyll = xV

The Chlorophyll Stability Index was worked out using the following formulae:

op) = Total chlorephyll (heated)
CSl (A)) Total chlorophyll (control) X100

3.2.2.8 Cell Membrane Stability (CMSI)

The cell membrane stability was assayed by estimating the ions leaching
from leaf into distilled water. Leaf discs of 0.1 g were taken in test tubes filled by
15 ml of distilled water. One set was kept in room temperature for 3 hrs and
electrical conductivity of the solution was determined using a conductivity bridge
after removing the leaf discs (C1). The second set was kept in a boiling water bath
(80°C) for 10 min and its electrical conductivity was also determined after cooling

to room temperature (C2). Cell membrane stability Index was estimated as

Electrolyte leakage = [1 - (C1/C2)] x 100

a. Measuring relative water content



d. Measuring cell membrane stability using EC meter

Plate 6 a-d. Recording the physiological parameters
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3.2.3 Biochemical parameters

Healthy third leaves from the top of the plants were collected for bioassay.
The collected material was kept in a plastic zip bag. After the collection, each
material was categorized and wrapped with an aluminum foil and was kept in

refrigerator under -20°C till it was used.

3.2.3.1 Total soluble protein content (TSP)

Protein content was assayed following Lowry's method (Lowry et al.,
1951) with a standard curve prepared using bovine serum albumin and expressed

inmgg™.

200 mg of leaves were homogenized in 2 ml of extraction buffer. The
extracts were then centrifuged at 10000 rpm for 10 min. The supernatants were
used for the estimation of total soluble protein content. A mixture of one ml of the
supernatant along with five ml of reagent C (Alkaline copper solution) in a test
tube was kept to stand for 10 minutes. After that, 0.5 ml of reagent D
(Folin- Ciocalteau reagent) was added and mixed well and was incubated in dark
for 30 minutes at room temperature. Blue color was developed and the absorbance

was taken at 660 nm in a spectrophotometer.

3.2.3.2 Nitrate reductase activity (NRA)

Nitrate reductase activity in the leaves was determined using the method
described by Nicholas et al. (1976) and the enzyme activity was expressed as

mmol nitrate g™thrt.

0.2 g of leaf was ground to fine powder in a mortar with liquid nitrogen.
Two ml of the extraction buffer containing ImM EDTA, 25 mM cysteine, and
25 mM potassium phosphate (adjusted to pH 8.8) was added to the leaf tissue
powder. The homogenate was centrifuged at 4°C for 15 min at 12,000 g.
A reaction mixture consists of 0.5 phosphate buffer 0.1M (pH7.5), 0.2 mli

potassium nitrate, 0.4 ml NADH and 0.7 ml water was prepared. The reaction was
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initiated by adding 0.2 ml enzyme extract and then was terminated after
incubating for 15 min by adding 1 ml of sulfanilamide followed by
naphthylethylenediamine reagent. Absorbance was measured at 540 nm was
observed in a spectrophotomer. Standard graph is prepared with potassium nitrate
(0.01 M) with series of test tube and made the volume in each tube to 2 ml by

adding distilled water.

3.2.3.3 Free amino acid (FAA)

Total free amino acid was estimated by following the method described by

Moore and Stein (1948) and expressed in mg g .

200 mg leaf sample was homogenized with 2 ml of 80% ethanol and centrifuged
at 3000 rpm for 5 minutes. A 2 ml mixture containing extract supernatant,
ninhydrin solution and distilled water (0.1ml, 1 ml and 0.9 ml respectively) was
kept in boiling water bath for 20 minutes. Following that, 5 ml of diluent was
added and then was mixed well. After 15 minutes the intensity of purple color was
measured at 570 nm using a spectrophotomer. Standard solution of leucine ranged
between 10 pg -100 ug is prepared and used for estimating the free amino acid.

3.2.3.4 Proline (Pro)

The proline content was determined using acid ninhydrin reagent by the

method of Bates et al. (1973). The proline content was expressed in terms of ug g™

A grounded leaf sample (0.2g) in liquid nitrogen was homogenized with
4 ml of 3 per cent sulphosalicylic acid and the homogenate was centrifuged at
3000 rpm for 10 minutes. Two ml of the filtrate was mixed with 2 ml acid
ninhydrin and 2 ml of glacial acetic acid in the test tube. The test tube was kept in
water bath (100 °C) for one hour and then was placed on ice to cool down. 4 ml of
toluene was added to the reaction mixture and stirred vigorously using vortex for
15 to 20 seconds. Two seperate layers were formed and the layer containing
toluene was taken out and warmed to room temperature. The intensity of the

colour was read at 520 nm using toluene as a blank. Content was calculated as
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pg of proline/ml x ml toluene X 5
115.5 g sample

umoles/g tissue of proline =

3.2.3.5 Glycine betaine (GB)

Glycine betaine was assayed based on the method described by Grieve and
Gratten (1983) and expressed in mg g .

A five-day dried leaf sample (500 mg) was finely ground and put in 50 centrifuge
tube containing 20 ml of distilled water. The sample was shaken for 24 hours
using mechanical shaker. 0.5 ml acidified extract was prepared by diluting 1ml of
sample extract in 1 ml of 2N H,SO,. The acidified extract was placed in ice water
for 1 hour. 0.2 ml of cold potassium tri iodide solution was added to it and was
mixed gently in a vortex mixture and was stored at 4°C for 15 minutes. Following
that, the sample was centrifuged at 10,000 rpm for 15 minutes at 0°C. The
supernatant was pipetted out using micropipette leaving only the crystals. The
crystals were dissolved in 9 ml of 1, 2-Dichloroethane with vigorous vortexing.
The absorbance was measured at 365 nm in a spectrometer after 2.5 hours.
Reference standard of glycine betaine is prepared in 1IN H,SO4 and used for
estimating the glycine betaine content and the results are expressed in mg g .

3.2.3.6 Total soluble sugar (TSS)

Total water soluble sugar (TSS) was determined by anthrone method

(Hedge et al., 1962) and expressed in mg g .

A 100 mg of dry sample was taken in a test tube and was boiled in water bath for
three hours after adding 5 ml of 2.5 N HCI. The sample was cooled and then
neutralized with sodium carbonate till the effervescence ceases and the volume
was made up to 50ml after transferring to a 50ml centrifuge tube. One ml of the
supernatant was taken for analysis and 4 ml of anthrone reagent was added to it
and the mixture was heated in boiling water for 8 minutes. The sample was cooled
rapidly and then the intensity of green color was measured at 630 nm using
a spectrophotometer.
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mg of glucose

X 100

Amount of TSS in 100 mg of the sample =

Volume of test zample

3.2.3.7 Super oxide dismutase (SOD)

SOD activity was assayed by the method described by Dhindsa and
Matowe (1981) and expressed as units protein™g™.

Frozen Leaf sample (0.2 g) was macerated in liquid nitrogen. Two ml of
250 mM potassium phosphate extraction buffer (pH 7.8) was added and
homogenized and then centrifuged at 10,000 rpm for ten minutes at 4°C. The
supernatant was used as an enzyme source within 12 hours of extraction. 50 ul of
this supernatant was then added to a reaction mixture (3ml) containing 50 Mm
phosphate buffer (pH 7.8) , 13 mM methionine, 75 pM NBT, 0.1mM EDTA,
0.8 ml of distilled water, in duplicate and then 2 uM riboflavin was added.
As control, a reaction mixture was kept without adding any enzymes for obtaining
maximum color. The tubes were placed under fluorescent lamps (15 W) for 15
minutes and transferred to dark to stop the reaction. A complete reaction mixture
without enzyme extract kept in dark served as blank. The absorbance reading was
taken at 560 nm in a spectrophotometer. One unit of enzyme activity is the
amount of enzyme which reduced the absorbency reading to 50 per cent in
comparison with tubes lacking the enzyme

Blank - Sample

Unit (of enzyme) = ————

3.2.3.8 Peroxidase (PDX)

Peroxidase activity was based upon the method as described by Castillo et
al. (1984) which measures the increase in absorbance at 470 nm.

Frozen Leaf sample (0.2 g) was macerated in liquid nitrogen. Three ml of
0.1 M phosphate buffer (pH 7) was added and homogenized and then centrifuged

at 14,000 g for 15 minutes at 5°C and the supernatant was collected for assay.
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3 ml of enzyme reaction mixture containing 50 Mm phosphate buffer
(pH 7.0), 0.05 ml guaiacol solution and 0.1ml enzyme extract was mixed properly
by using a micropipette for 3-5 seconds. The reaction was initiated by adding 0.5
ml of 12 mM H,0,. An increase in absorbance due to the formation of tetra-
guaiacol was measured at 436 nm using a spectrophotometer for three min at an
interval of 30 sec using stop watch. The enzyme activity was calculated as per
micromole extinction coefficient of its dehydrogenation which is 6.39. The

enzyme activity was expressed as min™ mg™ protein

3.2.3.9 Malonidialdehyde (MDA)

The level of lipid peroxidation was measured in terms of malondialdehyde
(MDA) content which is a product of lipid peroxidation, following the method

described by Rao and Sresty (2000), and expressed as n mol g™.

Leaf sample of 0.2 g was homogenized in 2 ml of 0.1 per cent
trichloroacetic acid (TCA). The homogenate was centrifuged at 10000 g for
10 minutes. A mixture of 1 ml of the extract supernatant and 4.0 ml of
0.5 per cent thiobacbituric acid (TBA) in 20 per cent TCA was prepared and
mixed well. The mixture was kept in a boiling water bath at 95° C for 15 min and
then quickly placed in an ice bath for cooling. The sample was centrifuged at
10000 g for 5 min after that the absorbance was measured at 532 nm using a

spectrophotometer.

MDA content was calculated by its extinction coefficient of 155 mM™ cm™

h . T — i — - e ¥ a :"m

a. Free amino acid extraction b. Glycine betaine extraction

Plate 7 a-b. Extraction of biochemical components
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 SPECTROPHOTOMETER |
—

a. Measuring the absorbance b. Centrifuge to separate the supernatant

WEIGHING BALANCE
L

c. Weighting the leaves and chemicals d. Maceration of leaves

e. Micro pipette for taking solutions

Plate 8 a-e. Equipments used for the biochemical analysis



c. Proline

Plate 9 a-c. Estimation of biochemical components



c¢. Malondialdehyde

Plate 10 a-c. Analysis of antioxidant enzymes and malondialdehyde



c. Total soluble sugar

Plate 11 a-c. Preparation of standard curves for analysis of biochemical parameter
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3.2.4 Statistical analysis

3.2.4.1 Simple correlation analysis

The correlation coefficients were calculated to determine the degree of
association of physiological and biochemical characters with number of leaves
using SPSS software.

3.2.4.2 Cluster analysis

The data of physiological and biochemical variations of different
accessions was subjected to hierarchal clustering analysis. The cluster analysis
was carried out using between link linkage as the clustering method and elucedian

distance as the interval using the R software.

3.2.4.3 Principal component analysis

The collected data on physiological and biochemical analysis was

subjected to principle component analysis using R software.
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RESULTS

The results obtained in the investigation on “Drought response in plus
trees of teak (Tectona grandis Linn. f.) provenances of Kerala” are presented
below. Some of the values were found to deviate from normality; hence,

logarithmic transformation was done prior to statistical analysis.
4.1 BIOMETRIC OBSERVATIONS

4.1.1 Screening of plus tree accessions at normal condition

Biometric observations were recorded from one year old teak plants for six

months under nursery condition and the results are summarized in Table 2.

Plant height recorded at first month showed significant difference among
accessions. The overall mean height of the accessions was 26.5 cm. The height of
the accessions ranged from 14.4 cm of KFRI T142 to 49.5 cm of KFRI T44.
Accessions KFRI T44 and T4 had tall plants, which showed significant difference
from KFRI T116 (37.9 cm), while, the accessions KFRI T9, T16 and T142 were

having shorter plants.

Plant height observed at three and six months under nursery conditions
nursery did not differ significantly (P < 0.05) among accessions. The overall mean
of height after three month was 44.5 cm, while at six months the overall mean
height was 67.9 cm.

The accessions did not show any significant difference for plant diameter
at three stages of growth under nursery condition. During first month average
diameter was observed to be 7.4 mm. At the third month the average diameter of
the accessions was 10.6 mm and at six months the average diameter of the

accessions was 15.7 mm.

Number of leaves also did not vary significantly among the accessions
during three stages of growth under nursery condition in teak. The mean number
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of leaves in initial, third and six month at nursery were 10.4, 17.5 and 22.0

respectively.

Accessions did not show variation in number of branches during the
experiment with mean values of 0.45, 1.34 and 2.00 at first, third and six months

respectively.

4.1.2 Performance of teak plus tree accessions under induced water stress

After evaluating the growth in nursery, teak accessions were subjected to
two consecutive drought instances with an intermediate recovery, regular
screening of biometric observation for three weeks after which they were

analyzed for biochemical and physiological parameters.

After maximum drought induced, the main changes shown by drought
stressed plants was the withering of leaves and change in branching habit (drying

off). Data on the various biometric parameters are given in Table 3.

Analysis indicated that accessions did not differ (P < 0.05) in height,
diameter, number of leaves and number of branches after stress treatment. The
accessions showed slight increase in growth parameters like plant height and
diameter. The mean increase in plant height and diameter was 7.5 and 5.5 per cent
respectively. Drought resulted in reduction in the number of leaves in all the
accessions. Accession KFRI T55 seemed to tolerate drought by losing 5.3 per cent
of their leaves whereas KFRI T16 lost 57.3 per cent of their leaves. The average

loss of leaves was 22.7 per cent.

Response of accessions to induced drought stress with respect to number
of branches was varying. The number of branches was observed to increase in
accessions KFRI T5, T9 and T144 by 6.3 per cent, 18.2 per cent and 37.5 per cent
respectively, while other accessions showed decrease in number of branches and
the decrease ranged from 0.71per cent of KFRI T16 to 41.1 per cent of KFRI T24.

The average reduction in number of branches under drought was 9.89 per cent.
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Table 2. Biometric observations on plantlets of teak plus tree accessions in nursery condition at start of experiment.

SI No Accession | Height (cm) Diameter (mm) Number of leaves Number of branches

First Third Sixth First Third Sixth First Third Sixth First Third Sixth
1 KFRIT1 21.1% 45.4 715 5.41 10.3 17.0 11.3 23.9 25.0 0.04 2.46 3.13
2 KFRI T4 48.5% 58.7 69.2 9.65 12.6 16.2 11.1 20.9 24.8 0.76 2.11 2.39
3 KFRI T5 22.4% 40.9 64.2 6.62 10.0 15.6 9.76 13.3 19.3 0.17 0.48 1.27
4 KFRI T9 14.6° 31.3 55.5 5.62 7.94 13.7 8.39 12.3 19.1 0.74 1.00 1.39
5 KFRI T16 18.3% 34.5 66.9 7.12 9.72 17.4 10.3 15.7 20.5 0.97 0.88 2.00
6 KFRI T24 19.6% 45.9 69.6 6.05 10.4 15.6 12.1 15.1 18.0 0.26 0.78 1.39
7 KFRI T44 49.5% 53.3 72.9 10.1 12.7 16.8 11.9 19.3 27.2 0.37 1.99 2.53
8 KFRI T55 22.0% 46.1 68.7 6.58 11.5 15.7 10.3 20.9 22.1 0.00 1.46 2.45
9 KFRIT116 | 37.6° 554 74.6 8.69 12.0 15.0 9.87 20.4 24.8 0.31 1.27 2.04
10 KFRIT142 | 14.4° 32.8 61.1 7.17 9.94 15.1 11.8 17.1 20.4 1.03 1.37 2.05
11 KFRIT144 | 23.8° 44.9 69.7 8.19 10.3 16.5 7.65 13.9 20.9 0.33 0.92 1.30
S.E 0.000 0.129 0.206 0.181 0.200 0.320 0.359 0.142 0.602 0.268 0.074 0.448
F-value 49.998* | 1.786 1.515 1.589 1.531 0.849 1.181 1.730 0.835 1.358 2.112 1.039

* Significant at 0.05 levels
Values with same superscript within a coloumn are homogenous
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Table 3.Growth parameters of plantlets of teak plus tree accessions at pre and post drought induction.

Height (cm) Diameter (mm) Number of leaves Number of branches
SI'No Accession Stress inducement | Change | Stress inducement | Change | Stress inducement | Change | Stress inducement | Change

Before After (%) | Before After | (%) Before After (%) | Before  After (%)
1 KFRIT1 71.52 75.59 5.69 17.04 17.09 0.29 25.03 22.12 -11.6 3.13 2.55 -18.6
2 KFRI T4 69.21 76.28 10.2 16.19 17.56 8.46 24.84 17.79 -28.4 2.39 1.44 -39.8
3 KFRI T5 64.21 65.87 2.59 15.6 16.05 2.88 19.32 16.2 -16.2 1.27 1.35 6.30
4 KFRI T9 55.52 60.75 9.42 13.69 14.80 8.11 19.10 14.39 -24.7 1.39 1.65 18.2
5 KFRI T16 66.85 70.36 5.25 15.89 16.43 3.40 20.52 8.773 -57.3 2.00 1.98 -0.71
6 KFRI T24 69.56 77.93 12.0 15.62 16.88 8.07 18.03 14.54 -19.4 1.39 0.82 -41.1
7 KFRI T44 72.95 74.27 1.81 16.78 17.77 5.90 27.15 22.27 -17.9 2.53 2.24 -11.6
8 KFRI T55 68.16 70.02 2.73 15.71 16.43 4.58 22.05 20.88 -5.31 2.45 1.73 -29.3
9 KFRI T116 74.6 78.98 5.87 15.04 16.39 8.98 24.84 22.68 -8.70 2.04 1.77 -13.4
10 KFRI T142 61.06 70.56 15.6 15.14 15.42 1.85 20.37 16.13 -20.8 2.05 1.72 -16.3
11 KFRI T144 69.74 77.88 11.8 16.49 17.71 7.40 20.89 12.57 -39.8 1.30 1.79 37.5
S.E 0.206 0.428 0.320 0.513 0.602 0.136 0.448 0.558
F-value 1.515 1.069 0.849 0.948 0.835 1.758 1.358 0.89

* Significant at 0.05 levels
Values with same superscript within a coloumn are homogenous
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4.2 PHYSIOLOGICAL OBSERVATIONS

4.2.1 Impact of optimal growth on physiological parameters of teak plus tree

accessions

Observations of different physiological parameters among different plus
tree accessions at normal condition is presented in Table 4. Statistical analysis
showed that there was no significant (P < 0.05) difference in relative water
content, canopy air temperature difference, photosynthesis, transpiration,
chlorophyll a, chlorophyll b, total chlorophyll content, chlorophyll stability index
and cell membrane stability index among the different teak plus tree accessions.
Only stomatal conductance was differed between the accessions at this stage.

Relative water content of the accessions ranged from 98.7 per cent (KFRI
T144) to 80.0 per cent (KFRI T116). The average was observed to be
85.2 per cent.

Canopy air temperature difference values were recorded between -2.16 °C
(KFRI T9) and -1.32 °C (KFRI T44). The average value was observed to be
-1.74 °C and the differences were non-significant.

Photosynthetic rate of the accessions ranged from 6.36 pmol CO, m?s™ in
KFRI T116 to 7.58 pmol CO, m? st in KFRI T144 with overall mean of
6.93 pmol CO, m?s™,

High stomata conductance was observed in KFRI T9 (0.469 mol m? s
which was on par with KFRI T4, T5, T24, T142 and T144. Low stomatal
conductance was exhibited by accessions KFRI T1, T16 and T116 which was on
par with all other accessions except KFRI T9 indicating that the stomatal

conductance of the accessions were also on par except KFRI T9.

Transpiration rate of the accessions ranged between 6.06 mmol H,0 m? s™
of KFRI T16 and 4.19 mmol H,O0 m? s™of KFRI T44. The average transpiration

rate of the accessions was 5.34 mmol H,O m?2st,
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Chlorophyll a content of the accessions ranged from 18.54 mg g™ (KFRI
T24) to 19.75 mg g* (KFRI T9) and the average chlorophyll content was
19.31 mg g™

Chlorophyll b content did not differ among the accessions, and values
ranged between 17.6 mg g (KFRI T24) and 30.36 mg g (KFRI T44). The
average was 23.62 mg g™

Chlorophyll stability index ranged from 88.82 per cent of KFRI T24 to
98.07 per cent of KFRI T9 and the mean value of accessions was 93.62 per cent.

Total chlorophyll content ranged from 36.14 mg g* (KFRI T24) to
49.87 mg g’ (KFRI T44). The average of the accessions for total chlorophyll

content was 42.93 mg g™.

Cell membrane stability index ranged from 0.26 in KFRI T16 to 1.64 in

KFRI T24 and the average of the accessions was 0.99.
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Table 4. Physiological parameters of plantlets of teak plus tree accessions under normal condition

SI No. Accession RWC | CATD Pn Gs E Chl. a Chl. b CSlI Total Chl. | CMSI
1 KFRI T1 91.2 -1.64 6.66 0.291° 5.53 19.09 27.30 89.72 46.40 1.67
2 KFRI T4 84.8 -1.78 6.58 0.322% 5.47 19.59 27.96 94.38 47.54 0.61
3 KFRI T5 86.7 -1.73 6.91 0.318% 4.86 19.30 26.28 94.86 45.58 1.36
4 KFRI T9 87.9 -2.16 7.39 0.469 5.55 19.75 20.07 98.07 39.81 1.16
5 KFRI T16 81.0 -1.94 7.30 0.283° 6.06 18.57 20.81 91.96 39.38 0.26
6 KFRI T24 81.5 -1.67 6.61 0.305% 5.75 18.54 17.60 88.82 36.14 1.64
7 KFRI T44 84.0 -1.32 6.61 0.230° 4.19 19.50 30.36 95.08 49.87 1.37
8 KFRI T55 88.0 -1.55 7.07 0.289" 4.53 19.44 29.85 92.29 49.29 0.80
9 KFRI T116 80.0 -1.50 6.36 0.269° 5.09 19.44 19.80 95.59 39.24 0.42
10 KFRI T142 82.4 -1.86 7.13 0.388% 5.80 19.74 20.22 96.55 39.96 0.64
11 KFRI T144 98.7 -2.02 7.58 0.395% 5.93 19.40 19.58 92.47 38.98 0.97
S.E 0.510 | 0.416 0.370 0.004 0.665 0.490 0.044 0.194 0.060 0.068
F-value 0.954 | 1.081 1.154 3.885* 0.758 0.976 2.364 1.531 2.197 2.12

RWC = Relative water content (%), CATD = Canopy air temperature differences (°C), Pn = Photosynthetic rate (umol CO, m™ s7), Gs =
Stomatal conductance (mol m™ s™), E = Transpiration rate (mmol H,O m™ s, Chl. a = Chlorophyll a (mg g™), Chl. b = Chlorophyll b
(mg g™), CSI = Chlorophyll stability index (mg g™), Total Chl. = Total chlorophyll (mg g™), CMSI = Cell membrane stability index (rate)

* Significant at 0.05 levels

Values with same superscript within a coloumn are homogenous
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4.2.2 Impact of drought stress on physiological parameters of plantlets of

teak plus tree accessions

Data on the physiological parameters of plantlets of different teak plus tree
accessions exposed to drought stress are given in Table 5. Significant differences
were observed between the accessions for stomatal conductance, chlorophyll a,
chlorophyll b and total chlorophyll content while relative water content, canopy
air temperature, photosynthesis, transpiration, chlorophyll stability index and cell
membrane stability did not show significant difference among the accessions
(P <0.05).

Relative water content (RWC) of the accessions ranged between 47.3 per
cent of KFRI T44 and 72.3 per cent of KFRI T9 and the mean value of RWC

among the accessions was 58.8 per cent.

Canopy air temperature difference of the accessions was observed to be
between 1.33 °C (KFRI T24) to 1.83 °C (KFRI T44). The average canopy air

temperature difference among the accessions was 1.62 °C.

Photosynthetic rate of the accessions was between 3.49 umol CO; m?s?
(KFRI T9) and 4.03 pmol CO; m? s (KFRI T142) with an overall mean value of
3.70 pmol CO, m?s™.

KFRI T116 showed the highest stomatal conductance (0.069 mol m? s
which was on par with KFRI T1, T4, T9, T16, T24, T55, T142 and T144. Lower
values of stomatal conductance were showed by KFRI T5 and KFRI T44.

Transpiration rate of the accessions was in a range of 0.33 mmol H,O m?s™
(KFRI T44) tol .18 mmol H,O m?s™ (KFRI T116) and the average was estimated to
be 0.74 mmol H,0 m? s,

Chlorophyll a content of the accessions showed significant difference.
Accession KFRI T16 exhibited the lowest value of 10.87 mg g™. This accession
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was on par with KFRI T1, T9, and T144. Accessions KFRI T1, T4, T24, T44,
T55, T116 and T142 having high values of chlorophyll a content and were on par.

Highest chlorophyll b value was observed in accession KFRI T44 and
KFRI T55 i.e., 20.41 mg g* and 20.53 mg g respectively. These accessions
differed from KFRI T16 having a value of 4.559 mg g™. The chlorophyll b
content of accessions KFRI T1, T4, T5, T9, T24, T44, T55, T116, T142 and T144
were on par. Also the value of KFRI T16 was on par with values of KFRI T1, T4,
T5, T9, T24, T116, T142 and T144.

Chlorophyll stability index values of the accessions ranged between
66.17 per cent (KFRI T44) and 79.33 per cent (KFRI T4) with a mean value of
73.48 per cent.

Among the accessions total chlorophyll content was lowest in KFRI T16
(15.43 mg g?) and it was on par with the accessions KFRI T1, T5, T9, T116,
T142 and T144. While it differed from the total chlorophyll content of the
accessions KFRI T4, T44 and T55. High chlorophyll content was observed in
KFRI T4, T44 and T55 and their values were also on par with KFRI T1, T5, T9,
T116, T142 and T144.

Cell membrane stability index of the accessions ranged from 3.36 of KFRI
T142 to0 5.92 of KFRI T24 and the mean CMSI was 4.79.
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Table 5. Physiological parameters of plantlets of teak plus tree accessions exposed to drought stress

SI No. Accession RwWC CATD Pn Gs E Chl. a Chl. B CSI Total Chl. | CMSI
1 KFRI T1 60.1 1.64 3.61 0.024% 0.58 16.98° | 13.37* | 69.92 30.35% 3.86
2 KFRI T4 58.2 1.53 3.60 0.038% 0.90 17.76° | 17.41® | 79.33 35.16° 4.72
3 KFRI T5 48.0 1.77 3.59 0.013" 0.35 1457 | 8.600* | 73.38 23.17% 5.78
4 KFRI T9 72.3 1.65 3.49 0.039% 0.94 16.09* | 12.69%* | 70.20 28.78% 477
5 KFRI T16 64.5 1.77 3.66 0.018% 0.46 10.87° | 4.559° | 70.45 15.43° 4.16
6 KFRI T24 56.5 1.33 3.66 0.027% 0.86 16.60° | 14.02® | 74.38 30.62% 5.92
7 KFRI T44 47.3 1.83 3.73 0.013" 0.33 18.01° | 20.41* | 66.17 38.42° 4.93
8 KFRI T55 55.5 1.80 3.81 0.044% 0.85 18.57° | 20.53* | 77.44 39.10° 4.67
9 KFRIT116 | 58.1 1.64 3.83 0.068° 1.18 17.02° | 11.39® | 74.89 28.41% 5.00
10 KFRIT142 | 56.1 1.40 4.03 0.055% 1.05 17.07* | 1359 | 79.09 30.66% 3.36
11 KFRIT144 | 64.8 1.51 3.70 0.028% 0.64 14.85° | 8.909* | 73.03 23.75% 5.58
S.E 0.58 0.939 0.802 0.039 0.164 0.005 0.007 | 0.653 0.004 0.915
F-value 0.861 | 0.386 0594 | 2.671* 1.627 | 3.647* | 3.454* | 0.773 3.921* | 0.431

RWC = Relative water content (%), CATD = Canopy air temperature differences (°C), Pn = Photosynthetic rate (umol CO, m™ s™), Gs =
Stomatal conductance (mol m? s), E = Transpiration rate (mmol H,0 m? s™), Chl. a = Chlorophyll a (mg g™), Chl. b = Chlorophyll b
(mg g™), CSI = Chlorophyll stability index (mg g™), Total Chl. = Total chlorophyll (mg g™), CMSI = Cell membrane stability index (rate)
* Significant at 0.05 levels
Values with same superscript within a coloumn are homogenous
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4.2.3 Physiological parameters of plantlets of teak plus tree accessions after

rehydration

Observations recorded on physiological parameters of plantlets of teak
plus tree accessions after rehydration is presented in Table 6. Result shows that
there is no significant difference for the observed physiological parameters

(P < 0.05) among the plantlets of plus tree accessions after rehydration.

Relative water content of the accessions raged between 68.9 per cent
(KFRI T55) to 83.5 per cent of KFRI T1 with an average of RWC of
78.4 per cent.

For canopy air temperature difference values of the accessions ranged from
-1.02 °C of KFRI T44 to -1.93°C of KFRI T144 with a mean value of 1.52 °C.

Photosynthesis rate among the accessions was found to be ranging from
5.35 pmol CO; m? s of KFRI T44 to 6.74 pmol CO, m™ s* of KFRI T16 with

overall mean of 6.09 pmol CO, m?s™.

Stomatal conductance values of the accessions ranged from 0.244 mol m? s™
(KFRI T16) to 0.127 mol m? s* (KFRI T55). The mean stomatal conductance was

0.20 mol m2s™.

Transpiration values of the accessions ranged between 4.47 mmol H,0 m? s

(KFRI T9) and 3.00 mmol H,0 m™ s (KFRI T55) 4.19 and the mean transpiration

was 3.83 mmol H,0 m2s™,

Chlorophyll a content of the accessions ranged from KFRI T5 15.67 mg g™

of KFRI T5 to 19.37 mg g™ of KFRI T4. The mean chlorophyll a was 18.07 mg g™.

Values of chlorophyll b content ranged from 13.37 mg g™ (KFRI T16) to
26.55 mg g™ (KFRI T4) among the accessions. The mean chlorophyll b was 18.47

mg g™
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Total chlorophyll content was in a range of 29.12 mg g™ (KFRI T5) to
45.92 mg g™ (KFRI T4) and the average was found to be 36.55 mg g,

In chlorophyll stability index, values of accessions ranged from
75.69 per cent of KFRI T1 to 91.90 per cent of KFRI T142 with overall mean of
84.27 per cent.

Cell membrane stability index values of the accessions ranged from 3.77
(KFRI1T144) to 2.43 (KFRI T16). The average was found to be 3.08.
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Table 6. Physiological parameters of plantlets of teak plus tree accessions after renydration

SI No. Accession RWC CATD Pn Gs E Chl.a Chl.b CSlI Total Chl. [ CMSI

1 KFRIT1 835 -1.56 5.69 0.190 3.53 18.27 21.55 75.69 39.81 3.47
2 KFRI T4 80.2 -1.66 6.52 0.194 4.10 19.37 26.55 | 88.07 45.92 2.89
3 KFRI T5 79.5 -1.61 6.23 0.178 4.12 15.67 13.45 81.71 29.12 2.85
4 KFRI T9 80.6 -1.73 6.20 0.199 4.47 18.30 17.73 | 84.62 36.03 3.33
5 KFRIT16 81.5 -1.51 6.74 0.244 3.96 17.06 13.37 80.13 30.43 2.43
6 KFRI T24 81.9 -1.48 6.14 0.222 3.56 17.79 16.94 | 82.87 34.73 3.43
7 KFRIT116 76.6 -1.43 6.34 0.197 3.81 18.50 14.37 83.21 32.86 3.36
8 KFRI T44 72.8 -1.02 5.35 0.152 3.36 19.10 25.63 | 83.56 44.73 2.98
9 KFRI T55 68.9 -1.07 5.42 0.127 3.00 19.09 22.78 | 86.18 41.87 2.71
10 KFRI T142 77.8 -1.79 6.02 0.206 4.15 18.04 16.11 | 91.90 34.15 2.69
11 KFRI T144 79.1 -1.93 6.39 0.242 4.08 17.61 14.74 88.97 32.35 3.77
S.E 0.541 0.653 0.772 0.41 0.431 0.055 0.024 | 0.399 0.021 0.759
F-value 0.911 0.773 0.631 1.09 1.06 2.244 2.725 1.108 2.807 0.646

RWC = Relative water (%), CATD = Canopy air temperature differences (°C), Pn = Photosynthetic rate (umol CO, m™ s™), Gs =
Stomatal conductance (mol m? s™), E = Transpiration rate (mmol H,O m™? s™) Chl. a = Chlorophyll a (mg g™*), Chl. b = Chlorophyll b
(mg g™), CSI = Chlorophyll stability index (mg g™), Total Chl. = Total chlorophyll (mg g™), CMSI = Cell membrane stability index (rate)

* Significant at 0.05 levels
Values with same superscript within a coloumn are homogenous
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4.3 ANALYSIS OF BIOCHEMICAL PARAMETERS

4.3.1 Biochemical parameters of plantlets of teak plus tree accessions

Biochemical parameters estimated from plantlets of teak plus tree
accessions under normal nursery condition is presented in Table 7. There was
significant difference among the different plus tree accessions for nitrate reductase
activity (NRA), free amino acid (FAA), proline (Pro) and and peroxidase (PDX)
(P < 0.05). However, the accessions did not differ in terms of total soluble protein
content (TSP), glycine betaine (GB), super oxidase dismutase (SOD) and
malondialdehyde (MDA).

Total soluble protein ranged from 54.76 mg g™ of accession KFRI T142 to
78.70 mg g of KFRI T16 with overall 65.78 mg g™*.

High nitrate reductase activity (NRA) of 7.38 mmol nitrate g™ *hr* was
exhibited by the accession KFRI T55 which was on par with KFRI T1, T4, T5,
T9, T16, T44, T116, T142 and T144. Low value of NRA was observed in KFRI
T24 (2.66 mmol nitrate g™*hr™) which was also on par with KFRI T1, T4, T5, T9,
T16, T44, T116, T142 and T144.

Lowest Free amino acid among the accessions was observed in KFRI T5
(3.853 mg g™) which significantly varied from all accession except KFRI T24
(4.736 mg g™). High quantity of free amino acid was observed in KFRI T1, T16,
T44, T55, T116 and T142 which were on par with KFRI T4, T9 and T144.

For proline, significant variation was detected among the accessions.
KFRI T55 was the maximum value (5.47 pg g™) and was significantly differ from
values of other accessions. The accession KFRI T24 (1.55 pg g™) had the lowest
value which was on par with KFRI T9 and KFRI T16. Intermediate proline
content was observed in accessions KFRI T4 and T44 which were on par with
KFRI T1, T5, T116, T142 and T144.
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Content of Glycine betaine among the accessions ranged from
10.33 pmol g™ of KFRI T5 to 18.92 umol g™ of KFRI T142. The overall mean
was observed to be 14.604 pmol g ™.

Values of total soluble sugar content ranged between 30.20 mg g (KFRI T55) to
45.40 mg g™ in (KFRI T24). Average TSS observed to be 38.619 mg g™*.

Average super oxide dismutase content in the accessions was estimated to
be 0.131 units protein’g™. SOD activity values ranged between 0.048 units
protein™g™ to 0.181 units proteing™ (KFRI T116 and T44 respectively).

Highest peroxidase was observed in KFRI T24 (0.062 min™ mg™ protein)
which was on par with KFRI T9,KFRI T144, KFRI T5, KFRI T1, KFRI T4, and
KFRI T55. While it significantly differed from KFRI T16, T44, T116 and T142.
Low peroxidae activity among the accessions was observed in KFRI T16, T116
and T142,

The values of malondialdehyde ranged from 2.16 n mol g (KFRI T144)
to 3.34 n mol g in (KFRI T44) with overall mean 2.573 n mol g™.
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Table 7. Biochemical parameters of plantlets of teak plus tree accessions under normal condition

SI No Accession TSP NRA FAA Pro GB TSS SOD PDX MDA
1 KFRI T1 60.01 3.97% 11.68° 3.05% 15.96 35.80 0.133 0.058% 2.60
2 KFRI T4 65.19 4.84% 9.911® 3.61° 10.45 37.21 0.135 0.0402¢ 2.39
3 KFRI T5 65.26 3.76% 3.853¢ 2.690<d 10.33 39.15 0.138 0.0412b¢ 2.26
4 KFRI T9 73.17 5.942 9.5522 1.75¢ 15.58 37.83 0.177 0.046¢ 2.43
5 KFRI T16 78.70 5.65% 15.09? 2.03% 16.92 44.14 0.158 0.034° 2.93
6 KFRI T24 66.91 2.66° 4.736% 1.55¢ 14.98 45.40 0.132 0.062? 2.26
7 KFRI T44 69.79 4.93% 13.49? 3.73b 11.43 45.35 0.181 0.037° 3.34
8 KFRI T55 54.91 7.38% 12.04 5.47° 12.64 30.20 0.063 0.0402 233
9 KFRIT116 77.98 4.55% 14.332 2.48bd 17.86 34.66 0.048 0.035¢ 2.26
10 KFRI T142 54.76 4.00% 11.56% 3.13% 18.92 40.81 0.097 0.035¢ 3.04
11 KFRI T144 56.99 4.82% 9.753%® 2.67°4 15.58 34.27 0.173 0.0392¢ 2.16
S.E 0.987 0.042 0.044 0.000 0.999 0.320 0.475 0.002 0.244
F-value 0.245 2.393* 2.364* | 15.859* 0.132 1.242 0.997 4.267* 1.401

TSP = Total soluble protein (mg g™'), NRA = Nitrate reductase (mmol nitrate g''hr'!), FAA = Free amino acid (mg g'), Proline (ug g™'), GB =
Glycine betaine (umol g!), TSS = Total soluble sugar (mg g!), SOD = Superoxide dismutase (units protein’'g™!), PDX = Peroxidase (min! mg™!
protein), MDA = Malondialdehyde (n mol g™!).

* Significant at 0.05 levels
Values with same superscript in coloumn are homogenous
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4.3.2 Biochemical parameters of plantlets of teak plus tree accessions after

drought induction

Observations on different biochemical parameters among plantlets of teak
plus tree accessions after induction of drought stress is given in Table 8. Statistical
analysis showed significant differences was observed among the accessions for
proline (Pro), super oxide dismutase (SOD), peroxidase (PDX) and
malondialdehyde (MDA). No difference were noticed in total soluble protein
(TSP), nitrate reductase activity (NRA), free amino acid (FAA), glycine betaine
(GB) and total soluble sugar (TSS).

Total soluble protein of the tested accessions ranged between 28.03 mg g™
and 39.82 mg g of KFRI T9 and T1 respectively, with overall mean 33.8 mg g™.

Nitrate reductase activity values of the accessions ranged between
1.74 mmol nitrate*hr* and 4.08 mmol nitrate®hr' (KFRI T24 and T144

respectively) with overall mean of 3.26 mmol nitrate™hr™.

The amounts of free amino acid in the tested accessions ranged from
11.24 mg g to 28.42 mg g™ of KFRI T24 and T44, respectively with overall
mean 22.10 mg g™

Accession KFRI T55 had high amount of proline (12.55 pg g™) which was
on par with KFRI T1, T4, T16, T24, and T44. The accessions KFRI T5, T9, T116,
T142 and T144 had low amount of proline which were also on par with KFRI T1,
T4, T16, T24, and T44.

Glycine betaine values among the tested accessions ranged between
35.20 umol g* and 18.48 umol g* of KFRI T144 and T4 respectively with overall
mean 26.24 umol g™,

Total soluble sugar content of the accessions ranged between 45.27 mg g™
and 65.84 mg g™ of KFRI T144 and T24, respectively. The overall mean value for

total soluble sugar among the accessions was 54.48 mg g™.
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Lowest amount of peroxidase of 0.045 min™ mg™ protein was estimated in
accession KFRI T116 and was significantly different from all other Intermediate
values for peroxidise was observed in accessions KFRI T4, T9, T16, T44, T55,
T142 and T144. The highest amount of PDX was present in KFRI T24
(0 .085 mint mg™ protein) which was on par with KFRI T1 and T5

(0.081 min™ mg™* protein and 0.077 min™ mg™ protein respectively).

For super oxide dismutase, the lowest amount was noticed in accession
KFRI T9 (0.380 units protein™g™) which was on par with accessions KFRI T1,
T24, T44, T55, T116 and T142. High amount of SOD was observed in KFRI T4,
T5, T16 and T144 which was also on par with KFRI T1, T24, T44, T55, T116 and
T142.

The high malonidialdehyde content was present in accession KFRI T4 and
T44 (7.43 n mol gt and 7.51 n mol g™ respectively) which were on par with KFRI
T1, T9, T16, T55, T116 and T142. Accessions KFRI T5 and T144 recorded
values for malonidialdehyde content in (3.11 n mol g* and 3.37 n mol g*

respectively).
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Table 8. Biochemical parameters of plantlets of teak plus tree accessions after drought induction

SI No Accession TSP NRA FAA Proline GB TSS SOD PER MDA
1 KFRI T1 39.82 3.24 23.40 6.433% 18.94 46.37 0.480% 0.081% 4.10%°
2 KFRI T4 34.36 2.19 24.20 7.549% 18.48 57.40 0.488° 0.064%° 7.43°
3 KFRI T5 31.62 2.78 18.90 5.901° 21.32 61.50 0.486a 0.077% 3.11°
4 KFRI T9 28.03 3.52 27.41 5.539" 26.31 48.05 0.380b 0.064% 6.07%°
5 KFRI T16 38.42 3.62 20.35 9.874% 25.66 52.15 0.499° 0.064% 4,55%°
6 KFRI T24 35.07 1.74 11.24 6.578% 27.66 65.84 0.454% 0.085° 457"
7 KFRI T44 32.63 3.76 28.42 8.941% 22.41 56.22 0.429% 0.057¢ 7.51°
8 KFRI T55 28.46 3.94 20.47 12.55° 29.84 50.85 0.442% 0.072° 7.27%"
9 KFRI T116 37.01 4.02 23.32 6.003" 29.18 53.82 0.443% 0.045° 4.91%°
10 KFRI T142 35.58 3.00 24.24 4.809° 33.64 61.75 0.453% 0.072° 4.58%°
11 KFRI T144 31.55 4.08 21.19 6.003" 35.20 45.27 0.492a 0.071" 3.37°
S.E 0.050 0.252 0.007 0.006 0.938 0.203 0.019 0.000 0.001
F-table 2.295 1.382 3.454 3.542* 0.389 1.506 2.878* 28.22* 5.022*

TSP = Total soluble protein (mg g™), NRA = Nitrate reductase (mmol nitrate g™*hr’*), FAA = Free amino acid (mg g™), Proline (ug g™), GB =
Glycine betaine (umol g™), TSS = Total soluble sugar (mg g™*), SOD = Superoxide dismutase (units protein™g™), PER = Peroxidase (min™ mg™
protein), MDA = Malondialdehyde (n mol g™).

* Significant at 0.05 levels
Values with same superscript in coloumn are homogenous
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4.3.3 Biochemical parameters of plantlets of teak plus tree accessions after

re-watering

Observations taken after re-watering of the plantlets of teak accessions
after drought induction is presented in Table 9. The accessions differed
significantly in terms of nitrate reductase activity, free amino acid, proline and
peroxidase activity. The accessions did not differ with respect to the characters
total soluble protein, glycine betaine, total soluble sugar, malondialdehyde and

super oxide dismutase.

Total soluble protein of the accessions ranged between 37.45 mg g*
(KFRI T55) and 72.68 mg g™* (KFRI T116) with overall mean 57.90 mg g™*.

Low nitrate reductase activity, was observed in accessions KFRI T5, T124
and T142 which were on par with accessions KFRI T1, T4, T9, T16, T44, T116
and T144. High nitrate reductase activity was observed in accession KFRI T55
which was also on par with KFRI T1, T4, T9, T16, T44, T116 and T144.

The high free amino acid content among the accessions was observed in
KFRI T44, T116 and T142 which were on par with KFRI T4, T9, T16, T44 and
T55. Low free amino acid content was observed in KFRI T5 which also was on
par with KFRI T9, T16, T24, T144 and T55.

Low amount of proline was observed in accessions KFRI T5, T9, T116,
T142 and T144 which was on par with KFRI T1, T4, T16, T24 and T44. High
amount of proline was observed in KFRI T55 which was also on par with KFRI
T1, T4, T16, T24 and T44.

The glycine betaine content of the accessions ranged from 25.45 pmol g™

in (KFRI T116) to 14.50 umol g™ (KFRI T55). The overall mean value of glycine
content among the accessions was 19.45 umol g™,
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Average total soluble sugar among the accessions after re-watering was
estimated to be 45.80 mg g'. The lowest TSS was observed in KFRI T1
(38.91 mg g*) and KFRI T24 had the highest TSS amount (51.63 mg g™).

Super oxide dismutase activity of the accessions ranged between 0.054
units protein®g™ in (KFRI T144) to 0.283 units protein™g™ in (KFRI T5) with

overall mean 0.20 units protein™g™ were at par.

The lowest amount of peroxidase activity of 0.038 min™ mg™ protein was
observed in accession KFRI T116 which was on par with KFRI T4, T5, T16, T44,
T55 and T142. KFRI T24 had the highest amount (0.067 min™ mg™ protein) of
peroxidase activity which was on par with KFRI T1 and T9. Rest of the
accessions had intermediate peroxidase activity.

Values of malondialdehyde ranged from 2.49 n mol g* (KFRI T55) to
4.18 n mol g™* (KFRI T9) with overall mean 3.39 n mol g™.
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Table 9. Biochemical parameters of plantlets of teak plus trees accessions after re-watering.

SI No Accession TSP NRA FAA Proline GB TSS SOD PER MDA
1 KFRI T1 52.61 3.84% 16.82% 5.570%° 18.04 38.91 0.282 0.059%° 2.97
2 KFRI T4 65.56 3.61% 16.58%° 6.536% 15.10 46.20 0.166 0.048"< 3.77
3 KFRI T5 65.19 2.46° 5.539° 5.109° 17.09 51.59 0.283 0.042% 2.62
4 KFRI T9 64.04 4.41%" 15.49%¢ 4.795° 20.07 41.99 0.120 0.060% 4.18
5 KFRI T16 71.94 3.08% 16.01%° 8.549% 21.55 48.89 0.159 0.041% 3.97
6 KFRI T24 64.97 1.95° 6.903" 5.695% 21.78 51.63 0.224 0.0672 2.96
7 KFRI T44 59.65 4.15% 22.39° 7.741% 15.87 49.16 0.275 0.041% 3.86
8 KFRI T55 37.45 5.93 15.17%¢ 10.87% 14.50 40.93 0.265 0.044% 2.49
9 KFRI T116 72.68 3.94% 18.42° 5.197° 25.45 48.07 0.239 0.038° 3.75
10 KFRI T142 53.33 2.54" 18.38° 4.164° 22.30 45.04 0.092 0.045% 3.66
11 KFRI T144 39.31 3.20% 13.81%° 5.197° 22.17 41.41 0.054 0.051" 3.06
S.E 0.394 0.014 0.024 0.006 0.999 0.297 0.090 0.000 0.063
F-table 1.116 3.044* 2.725* 3.542* 0.132 1.286 1.965 13.667 2.161

TSP = Total soluble protein (mg g ), NRA = Nitrate reductase (mmol nitrate ghr'), FAA = Free amino acid (mg g), Proline (ug g*), GB =
Glycine betaine (umol g™), TSS = Total soluble sugar (mg g™), SOD = Superoxide dismutase (units protein™g™), PER = Peroxidase (min™ mg™
protein ), MDA = Malondialdehyde (n mol g™).

* Significant at 0.05 levels
Values with same superscript within a coloumn are homogenous
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4.4 EFFECT DROUGHT TREATMENT ON PLANTLETS OF TEAK PLUS
TREE ACCESSIONS

4.4.1 Effect of drought on physiological and biochemical parameters of teak

plus tree accessions

Results obtained from pair t-test for different physiological and biochemical
characters of plantlets of teak plus tree accessions showed that there was highly
significant difference between the treatments (normal, drought stress and recovery

after drought stress by re watering) The data are presented in Table 10.

Table 10. Effect drought stress and their combination on various growth,

physiological and biochemical parameters of teak plus tree accessions.

Parameter NXD |NXR RXD
Relative water content (%) 12.0** | 4.01** 10.1**
Canopy air temperature differences (°C) 14.3** | 6.28** 7.73%*
Photosynthetic rate (umol CO; m™? s™) 17.2** | 532%* | 9 26**
Transpiration rate (mol m? s 11.1** | 6.85%* | 11.0%*
Stomatal conductance (mol m™~s™) 25.5%* | 10.0%* | 21.9%*
Chlorophyll a (mg g™) 5.24%* | 4.23%* | 3.94%*
Chlorophyll b (mg g™) 8.24** | 5,10** 6.88**
Chlorophyll stability index (mg g™) 13.8** | 7.74** 9.58**
Total chlorophyll content (mg g™ ) 8.05** | 5.21** 6.46**
Cell membrane stability index 16.5** | 15.2** 7.94**
Total soluble protein (mg g™ ) 7.01** | 4.31** 6.20**
Nitrate reductase activity (mmol nitrate g*hr?) | 6.19** | 6.34** | 4.17**
Free amino acid (mg g™) 9.78** | 6.08** 7.84**
Proline (ug g ) 8.04%* | 7.32%x | 10.5%*
Glycine betaine (mg g™ ) 8.56** |8.33** | 500**
Total soluble sugar (mg g™) 0.43** | 6.48** | 6.85%*
Super oxide dismutase (units protein~g™) 21.0%* | 4.69** | 11.2%*
Peroxidase (min™ mg™ protein ) 10.7%* | 4.90** | 7.46%*
Malondialdehyde (n mol g). 5.37** | 5.56** 3.72**
N= Normal condition D = Drought condition R = Recovery condition

**Significant at 0.01 levels
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4.4.2 Effect of drought stress on physiological and biochemical characters of

plantlets of teak plus tree accessions

Induction of drought resulted in reduction in most of the physiological
parameters of the plantlets of teak plus tree accessions. Out of ten physiological
parameters observed only canopy air temperature differences (°C) and Cell
membrane stability index (rate) increased under drought induction. All other
parameters got reduced.

Relative water content decreased in all accessions under drought stress.
The percentage decrease varied between 17.8 per cent and 44.6 per cent of
accessions KFRI T9 and KFRI T5 respectively. Accessions KFRI T44, T55 and
T144 partially recovered after five days of rehydration while other accessions
showed almost complete recovery (Figure 1a).

In case of difference in canopy air temperature there was an increase in all
the accessions. The percentage increase in difference in canopy air temperature
varied between 74.8 per cent of KFRI T144 and 138.6 per cent of KFRI T44.
When complete recovery shown by six accessions other accessions (KFRI T9,
KFRI T16, KFRI T24, KFRI T44 and KFRI T55) were not able to recover fully
after rehydration (Figure 1Db).

Two consecutive severe droughts resulted in significant reduction in the
net photosynthetic rate among the accessions. Percentage reduction in
photosynthetic rate was between 39.8 per cent of KFRI T9 and 52.8 per cent of
KFRI T116. Accessions KFRI T4, T5, T16, T24 and T116 recovered almost fully
after rehydration while in all others recovery after drought stress with respect to

rate of photosynthesis was not full (Figure 2a).

Percentage reduction in stomatal conductance under drought stress ranged
from 74.6 per cent of KFRI T116 to 95.7 per cent of (KFRI T5). None of the

accessions was able to recover fully after rehydration (Figure 2b).
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Transpiration rate also decreased considerably under drought condition
and the percentage decrease among the accessions ranged from 76.8 per cent of
KFRI T116 and 92.7 per cent of KFRI T5. Five days of rehydration resulted in
improvement of transpiration rate in all the accessions. However, none of the

accessions recovered fully after rehydration (Figure 2c).

Percentage decrease in content of chlorophyll a in the tested accessions
ranged from 4.5 per cent of KFRI T55 to 41.4 per cent of KFRI T16. After five
days of re-watering all accessions showed recovery. All accessions except KFRI
T5 showed almost full recovery with a comparable value of chlorophyll a content

with that of normal irrigated condition (Figure 3a).

There was severe reduction in chlorophyll b in all accessions under
drought stress and the percentage reduction ranged from 20.3 per cent of KFRI
T24 to 87.1 per cent of KFRI T16. Five days of re-watering resulted in incomplete
recovery in all the accessions except KFRRI T4 and T24 which showed full

recovery after renydration (Figure 3b).

Percentage reduction in total chlorophyll content under drought among the
accessions ranged between 15.2 per cent to 60.8 per cent (KFRI T24 and T16
respectively). Re-watering resulted in recover almost near to the level of normal
irrigated condition in accessions of KFRI T4, T9 and T124 while other accessions

partial were recovered (Figure 3c).

Compared to other physiological parameters the percentage reduction in
chlorophyll stability index was less. It ranged between 15.9 per cent and 30.4 per
cent (KFRI T4 and T44 respectively). Incomplete recovery was observed in six
accessions after rehydration while other accessions including KFRI T4, T24, T55,
T142 and T144 were almost near to the level of normal irrigated condition
(Figure 3d).



57

In response to drought stress, total soluble protein decreased drastically in
all accessions and the percentage reduction was in a range of 50.7 per cent to
161 per cent (KFRI T1 and T9 respectively). After rehydration complete recovery
was observed in KFRI T5, T16, T24, T116 and T142, and in all other accessions
recovery was partial (Figure 4a).

Nitrate reductase activity also got reduced under drought in all the
accessions and the percentage reduction ranged between 15.5 per cent of KFRI
T116 to 121.5 per cent of KFRI T4. The nitrate reductase activity after
rehydration got increased from that under stress condition in all accessions
indicating recovery from moisture stress. Only KFRI T1 showed complete
recovery (Figure 4b).

Exposing plantlets of teak plus tree accessions to drought lead to
significant accumulation of free amino acid, and the accumulation rate was
between 0.35 times and 3.91 times (KFRI T16 and T5). Re-watering resulted in
intermediate amount of free amino acid compared to normal and stressed plantlets
indicating recovery of the plantlets in all the accessions. However only accession
KFRI T16 recovered fully (Figure 5a).

Enhanced production of proline was observed in plantlets of all the
accessions under stress condition and enhancement ranged between 1.09 times
and 3.86 times (KFRI T4 and T16 respectively). Rehydration of the stressed
plants resulted in reduction in proline content. However, none of the accessions

recovered fully (Figure 5a).

Glycine betaine also got increased under moisture stress condition in all
the teak accessions. The percentage increase ranged from 18.7 per cent and
136.1 per cent (KFRI T1 and T55 respectively). Rehydration of the accessions
reduced the Glycine betaine content in all the accessions indicating partial

recovery from moisture stress (Figure 5c).

Total soluble sugar also got increased in the plantlets of teak plus tree

accessions under moisture stress and the percentage increase ranged between
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18.2 per cent and 68.4 per cent of KFRI T16 and T55, respectively. Five days of
re-watering of the accessions resulted in partial recovery with intermediate values

for total soluble sugar under normal and stressed condition (Figure 5d).

Activity of enzyme super oxide dismutase (SOD) was found to increase
significantly in all accessions after exposing to drought. Super oxide dismutase
increased significantly from 1.37 times to 8.16 times in accessions KFRI T44 and
T116, respectively. Rehydration of the accessions showed that there was complete
recovery in accessions KFRI T16 and T2142 with lesser quantity of SOD
accumulated compared to normal condition. All other accessions showed only

partial recovery (Figure 6a).

Induction of moisture stress resulted in increase of enzyme peroxidase in
all the accessions. The percentage increase ranged between 30.4 per cent of KFRI
T116 to and 106.6 per cent of KFRI T142. After rehydration the enzyme activity
in all the accessions got reduced indicating recovery from moisture stress. Five of
the entries KFRI T1, T5, T24, T55 and T116 showed almost complete recovery
(Figure 6b).

Drought stress increased content of malondialdehyde in all the accessions
and the percentage increase was between 37.6 per cent and 211.6 per cent of
accessions KFRI T5 and T55 respectively. Intermediate content of
malondialdehyde observed in all the accessions after rehydration showed that
none of the accessions recovered fully from the drought stress with respect to
content of malondialdehyde except KFRI T55 (Figure 7a).

Exposing plantlets of teak plus tree accessions to drought lead to
significant increase of cell membrane stability index, and the increase rate was
between 1.3 times and 15.1 times (KFRI T1 and T16). Re-watering resulted in
intermediate rate of cell membrane stability to normal and stressed plantlets
indicating recovery of the plantlets in all the accessions. However, none of the

accessions recovered fully (Figure 7D).
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Figure 1 a-b. Change in relative water content and canopy air temperature
differences among Tectona grandis plus tree accessions under water stress and
rehydration.
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Figure 2 a-c. Change in photosynthetic rate, stomata conductance and
transpiration among Tectona grandis plus tree accessions under water stress and
rehydration.



61

a KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI
Tl T4 T5 T9 T1l6 T24 T44 T55 TIll6 Tl142 Tl44
-10 -
£ 20
=
Z -30
@]
-40
50 M Stress W Recovery
b KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI
T1 T4 T5 T9 TI16 T24 T44 T55 T116 T142 T144
20 A
£ a0 -
o
E -60
&
-80
-100
¢ KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI
9 T4 TS5 T9 TIi6 T24 T44 T55 TI116 T142 Ti144
-10 -
§-20 8
:-30 8
= -40
&)
= -50
-60
-70
d KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI KFRI
0 Tl T4 T5 T9 TIl6 T24 T44 T55 TIllo Tl42 Tl44
-5 -
_-10
£-15 1
% =20
-25
-30
-35

Figure 3 a-d. Change in photosynthetic pigments and chlorophyll stability index
among Tectona grandis plus tree accessions under water stress and rehydration.
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Figure 4 a-b. Change in total soluble protein and nitrate reductase among Tectona
grandis plus tree accessions under water stress and rehydration.
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Figure 5 a-d. Change in free amino acid, proline, glycine betaine and total soluble
sugar among Tectona grandis plus tree accession under water stress and
rehydration.
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Figure 6 a-b. Change in activity of super oxide dismutase and peoxidase among
Tectona grandis plus tree accessions under water stress and rehydration.
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Figure 7 a-b. Change in content of malondialdehyde and cell membrane stability
index among Tectona grandis plus tree accessions under water stress and
rehydration.
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4.5 CORRELATION STUDIES

4.5.1 Correlations of physiological and biochemical characters with number

of leaves during moisture stress

Correlation of physiological and biochemical characters with number of

leaves during moisture stress treatment was calculated and presented in Table 11.

Among the twenty characters used for estimating the correlation under
drought stress in teak plus tree accessions, leaf number showed positive
correlation with content of chlorophyll a (0.806), chlorophyll b (0.690) and total
chlorophyll content (0.806).

Relative water content had significant positive correlation with cell

membrane stability index (0.602).

Canopy air temperature difference was negatively correlated with total

soluble sugar (-0.609).

Rate of photosynthesis exhibited highly significant positive correlation
with transpiration rate (0.564) and positive and significant correlation with
chlorophyll stability index (0.613).

Stomatal conductance had highly significant and positive correlation with
transpiration rate (0.936) and significant positive correlation with chlorophyll
stability index (0.651).

Transpiration rate was positively correlated with chlorophyll stability
index (0.621).

Chlorophyll a content was positively correlated with chlorophyll b content
(0.903) and content of malondialdehyde (0.544).

Positive correlation was observed between chlorophyll b content, cell
membrane index (0.991) and content of malondialdehyde (0.764).
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Nitrate reductase activilty was negatively correlated with total soluble
sugar (-0.725) and peroxidise content (-0.570).

There existed positive correlation between content of proline and content
of malondialdehyde (0.553).

Content of glycine was negatively correlated with peroxidise content
(-0.702) and positively correlated with malondialdehyde (0.577).

Correlation of peroxidise with malondialdehyde was negative (-0.553). All
other inter correlations between the physiological and biochemical characters of

the teak plus tree accessions under moisture stress were non-significant.
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Table 11: Correlation and inter correlation of physiological and biochemical characters of plantlets of teak at drought condition.

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 | Xi1 X12 X13 | X14 X15 X16 | X17 | X18 | X19 | X20
X1 1
X2 |-0.297 1
X3 | 0.005 | -0.333 1
X4 | -0.062 | 0.355 | 0.386 1
X5 | -0.063 | 0.230 | 0.564* [ 0.936** | 1
X6 | -0.096 | -0.351 | 0.278 | 0.419 | 0.411 1
X7 | 0032 | -0.402 | 0.194 | 0.177 | 0.158 | 0.903* 1
X8 | 0.109 | -0.063 | 0.456 | 0.651* | 0.621* | 0.294 | 0.152 1
X9 | -0.007 | -0.395 | 0.225 | 0.256 | 0.240 | 0.952* | 0.991* | 0.152 1
X10 | 0.602* | -0.193 | -0.419 | -0.191 | -0.299 | -0.047 | -0.073 | -0.116 | -0.066 1
X11 | 0.136 | 0.038 | -0.245 | -0.006 | -0.038 | -0.289 | -0.27 |[-0.431| -0.281 | 0.070 1
X12 | -0.005 | 0.214 | 0.229 | -0.083 | 0.180 | -0.100 | 0.764** | -0.352 | -0.092 | -0.195 | -0.118 1
X13| 0.232 | 0.262 | 0.613* | 0424 | 0.475 | -0.065 | -0.172 | 0.294 | -0.142 | 0.013 | -0.306 | 0.388 1
X14 | 0.363 | -0.180 | 0.041 | -0.267 | -0.19 | 0.043 | 0.378 [-0.046| 0.282 |-0.062 |-0.252 | 0278 |-0.098 | 1
X15| -0.398 | 0.125 | 0.042 | 0.008 | 0.168 | 0.256 | 0.278 |-0.274| 0.277 |-0.497| 0.138 | 0513 | -0.166 | -0.057 1
X16 | 0.399 | -0.609* | 0.265 | 0.082 | -0.014 | 0.119 | 0.123 | 0.362 | 0.125 | 0.217 | 0.298 | -0.725** | -0.083 | -0.170 | -0.449 1
X17 | -0.213 | -0.201 | -0.028 | -0.424 | -0.371 | -0.466 | -0.440 | 0.186 | -0.458 | 0.022 | -0.326 | -0.199 | -0.194 | 0.068 | -0.373 | 0.053 1
X18 | 0.044 | -0.244 | -0.127 | -0.253 | -0.423 | 0.016 | -0.024 | 0.064 | -0.012 | 0.269 | -0.354 | -0.570* | -0.048 | -0.143 | -0.702** | 0.344 | 0.253 1
X19 | 0.064 | -0.094 | 0.029 | 0.137 | 0.171 | 0.544* [ 0.764** | 0.044 | 0.712* | -0.242 | 0.001 | 0.166 | -0.259 | 0.553* | 0.577* |[-0.114 | -0.421 | -0.553* | 1
X20 | -0.178 | -0.498 | 0.235 | 0.159 | 0.298 | 0.806** | 0.690** | -0.002 | 0.690** | -0.111 | -0.083 | 0.165 | -0.295 | 0.112 | 0.355 |-0.036 | -0.286 | -0.132 | 0428 | 1
X1= Relative water content, X2= Canopy air temperature differences, X3= Photosyenthetic rate, X4= Stomatal conductance, X5= Transpiration rate, X6= Chlorophyll a,
X7= Chlorophyll b, X8= Chlorophyll stability index, X9= Total chlorophyll, X10= Cell membrane stability index, X11= Total soluble protein, X12= Nitrate reductase,
X13= Free amino acid, X14= Proline, X15= Glycine betaine, X16= total soluble sugar, X17= super oxide dismutase, X18= Peroxidase, X19= Malondialdehyde, X20=
leaves number.

** Signigficant at 0.01 level. * Significant at 0.05 level.
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4.5.2 Correlation and inter correlation of physiological and biochemical

characters on number of leaves after rehydration

Correlation and intercorrelation of physiological and biochemical
characters on number of leaves after rehydration in the plantlets of plus trees of
teak accessions were estimated and is presented in Table 12.

Among the twenty characters used for estimating the correlation after
rehydration in teak plus tree accessions, leaf number showed highly positive
correlation with super oxide dismutase (0.658) and positive correlation with
chlorophyll a (0.552), chlorophyll b (0.565) and total chlorophyll content (0.565)
It showed highly negative correlation with photosynthetic rate (-0.669) and
transpiration (-0.754) while negatively correlated with relative water content
(-0.540) and stomatal conductance (-0.561).

Relative water content was correlated positively to canopy air temperature
difference (0.671) and transpiration rate (0.830). However, it was having negative

correlation to rate of transpiration (-0.781).

Canopy air temperature difference was positively correlated with rate of
photosynthesis (0.616), stomatal conductance (0.582), rate of transpiration
(0.749), and peroxidase activity (0.559), while it was negatively correlated with
nitrate reductase activity (-0.664) and proline content (-0.610).

Highly significant correlation was observed between rate of
photosynthesis and stomatal conductance (0.725) and rate of transpiration (0.801)
while it was correlated positively with total soluble protein (0.656) and superoxide
dismutase (0.531). Rate of photosynthesis was negatively correlated to content of
chlorophyll b (-0.564) and total chlorophyll content (-0.557).

Stomatal conductance was having positive correlation only with rate of
transpiration (0.599). It was having negative correlation with proline content
(-0.702) and superoxide dismutase (-0.669).



70

Negative correlation was observed between transpiration rate and
chlorophyll b content (-0.614), total chlorophyll content (-0.579) and superoxide
dismutase (-0.671). It was having highly significant positive correlation only with

free amino acid content (0.710).

Highly significant positive correlation was observed between chlorophyll a
content and chlorophyll b content (0.789), total chlorophyll content (0.854), and
glycine betaine 0.698 and it was having positive correlation with nitrate reductase
activity (0.628).

Chlorophyll b content was having positive correlation with total
chlorophyll content (0.994), while it had a highly significant negative correlation

with free amino acid content (-0.762).

Negative correlation was observed between chlorophyll stability index and
superoxide dismutase (-0.652) and none of the other characters was correlated

with chlorophyll stability index.

Total chlorophyll content was positively correlated with nitrate reductase
(0.556) and number of leaves, while it was negatively correlated with free amino
acid content (-0.697).

Cell membrane stability had positive correlation only with peroxidase

(0.630) none of the other characters was correlated to it.

Negative correlation was observed between total soluble protein and total
soluble sugar (-0.526). None of the other characters was correlated with total

soluble protein.

Negative correlation was observed between nitrate reductase activity and
proline (-0.618) and total soluble sugar (-0.588).

Free amino acid was negatively correlated with proline content (-0.543).

Glycine betaine had highly significant positive  correlation
with malonidaldehyde content (0.698).



71

Table 12. Correlation between physiological and biochemical characters of plantlets of teak plus tree after renydration

X1 X2 X3 X4 X5 X6 X7 X8 X9 X10 X11 X12 X13 X14 X15 X16 X17 X18 X19 X20
X1 1
X2 0.671* 1
X3 0.500 0.616* 1
X4 0.265 0.582* | 0.725** 1
X5 0.830** | 0.749** | 0.801** | 0.599* 1
X6 -0.451 -0.432 -0.423 -0.392 -0.412 1
X7 -0.433 -0.353 | -0.564* -0.457 -0.614* | 0.789** 1
X8 -0.178 -0.365 0.093 0.280 0.030 0.263 0.056 1
X9 -0.450 -0.379 | -0.557* -0.460 -0.579* | 0.854** | 0.994** | 0.056 1
X10 0.212 0.307 -0.0120 0.081 0.269 0.077 -0.085 -0.101 | -0.058 1
X11 0.395 0.468 0.656* 0.239 0.456 -0.273 -0.320 -0.510 | -0.335 | -0.273 1
X12 | -0.781** | -0.664* | -0.515 -0.450 0.000 0.628* 0.520 -0.011 | 0.556* | -0.077 | -0.287 1
X13 0.501 0.363 0.510 0.389 0.710** | -0.278 | -0.762** | 0.07 -0.697* | 0.346 0.224 -0.453 1
X14 -0.370 | -0.610* | -0.351 | -0.702** | -0.486 0.324 0.413 -0.128 | 0.410 | -0.508 | 0.115 | -0.618* | -0.543* 1
X15 -0.172 -0.357 -0.294 -0.146 -0.209 | 0.698** | 0.457 0.153 0.516 | -0.137 | -0.165 0.501 -0.023 | 0.189 1
X16 0.299 0.080 0.289 0.068 0.132 -0.401 -0.263 -0.085 | -0.297 | -0.307 | -0.526* | -0.588* | 0.149 | -0.068 | -0.357 1
X17 -0.345 -0.273 0.531* | -0.669* | -0.671* 0.040 0.324 -0.652* | 0.282 | -0.149 | 0.100 0.260 -0.458 | 0.387 | -0.105 | 0.252 1
X18 0.227 0.559* 0.054 0.082 0.318 0.073 0.084 -0.251 | 0.085 | 0.630* | 0.003 -0.237 0.100 | -0.337 | -0.372 | -0.164 | -0.089 1
X19 0.117 0.184 0.346 0.495 0.313 0.299 0.048 0.137 0.096 | -0.139 | 0.383 -0.005 | 0.303 | -0.079 | 0.698** | 0.111 | -0.411 | -0.079 1
X20 -0.540* | -0.483 | -0.669** | -0.561* | -0.754** | 0.552* | 0.565* | -0.159 | 0.565* | 0.149 | -0.448 0.501 -0.325 | 0.112 0.405 | -0.187 | 0.658* | -0.146 | -0.181 1

X1= Relative water content, X2= Canopy air temperature differences, X3= Photosyenthetic rate, X4= Stomatal conductance, X5= Transpiration rate, X6= Chlorophyll a,
X7= Chlorophyll b, X8= Chlorophyll stability index, X9= Total chlorophyll, X10= Cell membrane stability index, X11= Total soluble protein, X12= Nitrate reductase,
X13= Free amino acid, X14= Proline, X15= Glycine betaine, X16= total soluble sugar, X17= super oxide dismutase, X18= Peroxidase, X19= Malondialdehyde, X20=
leaves number.

** Significant at the 0.01 level.

* Significant at 0.05 level.
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4.6 CLUSTER ANALYSIS

4.6.1 Clustering of accessions based on physiological and biochemical
characters under drought condition

Hierarchical cluster analysis was done for the eleven accessions based on
the Euclidian squared distance. The data on relative water content, canopy air
temperature, photosynthetic rate, transpiration rate, stomatal conductance,
chlorophyll a, chllorophyll b, chlorophyll stability index, total chlorophyll
content, cell membrane stability index, total soluble protein, nitrate reductase
activity, free amino acid, proline, glycine betaine, total soluble sugar, superoxide
dismutase, peroxidase and malonidialdehyde of the teak accessions exposed to

drought was used for grouping the accessions.

The accessions were grouped into five clusters (Figure 8) and the details of
the five clusters are given in the Table (13). The cluster Il possesses four of

accessions whereas the least number observed for the cluster V.

Table 14 shows inter and intra cluster distances. Intra cluster distances
gives the average distance between the elements within a cluster whereas the
distance between two clusters gives the inter cluster distances. The diagonal
elements shows the intra cluster distances and the off diagonal elements shows the
inter cluster distances. It is observed from the table that highest intra cluster
distance shown by the cluster Il and the highest inter cluster distance was shown
by cluster IV and cluster V.

Tablel3. Clustering of teak plus tree accessions based on physiological
biochemical characters under drought stress condition.

Clusters
I I i v \Y
KFRI T9 KFRI T1 KFRI T4 KFRI T5 KFRI T44
KFRI T144 KFRI T16 KFRI T55 KFRI T24
KFRI T116
KFRI T142
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Cluster Analysis During Stress

N

Observations

Figure 8. Dendrogram based on on physiological and biochemical attributes in

Tectona grandis plus tree accessions under moisture stress condition

Tablel4. Inter and intra cluster distances of the teak accessions under drought
stress condition

Matrix showing inter and intra cluster distances

Cluster 1 Cluster 2 Cluster 3 Cluster 4 | Cluster 5
Cluster 1 07.5
Cluster 2 17.9 09.4
Cluster 3 26.5 141 07.7
Cluster 4 15.0 15.9 20.6 07.7
Cluster 5 28.0 17.7 21.0 23.1 00.0
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4.6.2 Clustering of accessions based on physiological and biochemical

characters after rehydration

The teak plus tree accessions were grouped based on physiological and
biochemical characters after rehydration and they were grouped into seven
clusters. (Table 15, 16 and figure 9).

The cluster VII had three accessions while only one accession was present
in cluster I, 1V, V and VI.

The diagonal elements of table 15 shows the intra cluster distances and
inter cluster distances among the accessions. It is observed from the table that
highest intra cluster distance shown by the cluster I and the highest inter cluster
distance shown by cluster VI and VII (17).

Tablel5. Clustering of teak accessions based on physiological and biochemical

characters after rehydration

Clusters
| 1 1l AV V VI VII
KFRI T4 KFRI T5 KFRI T16 KFRIT142 | KFRIT144 | KFRIT1 | KFRI T55
KFRI T9 KFRIT24 | KFRI T116

KFRI T44
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Figure 9. Dendrogram of teak plus tree accessions based on physiological and

biochemical characters after rehydration.

Tablel6. Inter and intra cluster distances of the cluster diagram based on

physiological and biochemical characters of teak accessions after rehydration

Matrix showing inter and intra cluster distances

Cluster | Cluster | Cluster | Cluster | Cluster | Cluster | Cluster
1 2 3 4 5 6 7
Cluster1 | 07.9
Cluster2 | 15.0 00.0
Cluster 3 26.9 15.7 00.0
Cluster 4 16.8 21.1 29.7 03.5
Cluster 5 17.1 19.7 21.3 23.0 00.0
Cluster 6 15.6 22.2 34.8 14.5 25.1 04.3
Cluster 7 28.4 23.6 16.9 35.3 24.6 39.8 00.0
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4.7 PRINCIPAL COMPONENT ANALYSIS

PCA was conducted to study the variations and bring out strong patterns in
the data set of independent variables. Further away these vectors are from a PC
origin, the more influence they have on that PC. Loading plots also hint at how
variables correlate with one another: a small angle implies positive correlation,
a large one suggests negative correlation, and 90°angle indicates no correlation

between two characteristics.

4.7.1 Principal component analysis at drought condition.

Principal component analysis was carried out using data taken under
drought condition. PC1 accounted for 23.0 per cent of the total variability, which
was mainly contributed positively by photosynthetic rate, stomatal conductance,
transpiration rate, chlorophyll stability index, total chlorophyll content and
glycine betaine. PC2 accounted for 18.8 per cent of the total variability
(Table 17). Thus first two components together accounted for 41.9 per cent of the
total variability, which was mainly contributed positively by relative water
content, nitrate reductase, free amino acid, proline and malondialdehyde.

The component loading biplot is given in Fig. 10. It shows that relative
water content, nitrate reductase, free amino acid, proline and malonidaldehyde are
closely related. These parameters in addition to total chlorophyll content showed
negative association with cell membrane stability index, total soluble protein,
super oxide dismutase and peroxidase. Canopy air temperature and total soluble
sugar showed negative association with proline. Photosynthetic rate, stomatal
conductance, transpiration rate, cell membrane stability index, glycine betaine
were closely correlated but did not show any association with other characters

except total chlorophyll content.
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Table 17. Principal component analysis of physiological and biochemical

characters of teak plus tree accessions at stress condition

Variable PC1 PC2

Relative water content (%) 0.132 0.110
Canopy air temperature differences (°C) -0.045 -0.111
Photosynthetic rate (umol CO, m? s™) 0.239 -0.306
Transpiration rate (mol m™ s™) 0.332 -0.339
Stomatal conductance (mol m™ s™) 0.394 -0.296
Chlorophyll stability index (mg g™) 0.126 -0.449
Total chlorophyll content (mg g™) 0.223 -0.030
Cell membrane stability index -0.231 -0.044
Total soluble protein (mg g™) -0.123 -0.069
Nitrate reductase activity (mmol nitrate g hr™) 0.269 0.286
Free amino acid (mg g™) 0.320 0.322
Proline (ug g) 0.048 0.164
Glycine betaine (mg g™) 0.198 -0.241
Total soluble sugar (mg g™) -0.165 -0.372
Super oxide dismutase (units protein™ g™) -0.295 -0.078
Peroxidase (min™ mg™ protein) -0.322 -0.150
Malondialdehyde (n mol g™) 0.298 0.183
Eigen 3.912 3.204
Proportion 0.230 0.188
Cumulative 0.230 0.419
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Figurel0. Loading plot of physiological and biochemical characters of Tectona grandis
plus tree accessions at drought condition
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4.7.2 Principal component analysis of physiological and biochemical

characters of teak plus tree accessions after rehydration

Principal component analysis was carried out using data on physiological
and biochemical characters of teak plus tree accessions after rehydration. PC1
accounted for 37.9 per cent of the total variability, which was mainly contributed
positively by relative water content, canopy air temperature, cell membrane
stability index, total soluble protein, total soluble sugar and peroxidase. PC2
accounted for 15.3 per cent of the total variability, which was mainly contributed
positively by chlorophyll content, nitrate reductase activity and free amino acid
(Table 18). First two components which together accounted for 53.2 per cent of
the total variability, which was mainly contributed positively by photosynthetic
rate, stomatal conductance, transpiration rate, chlorophyll stability index, glycine

betaine and malondiadehyde

The component loading biplot given in Fig. 11. It shows that relative water
content, canopy air temperature, cell membrane stability index and total soluble
protein are closely related. These parameters showed negative association with
total chlorophyll content and nitrate reductase. Total soluble sugar and peroxidase
were negatively related with free amino acid. Both set showed no association with
malondialdehyde and super oxide dismutase which were negatively related.
Photosynthetic rate, stomatal conductance, transpiration and glycine betaine were
negatively associated with proline.
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Table 18. Principal component analysis of physiological and biochemical characters

of teak plus tree accessions after rehydration

Variable PC1 PC2

Relative water content (%) 0.320 -0.155
Canopy air temperature differences (°C) 0.292 -0.116
Photosynthetic rate (umol CO, m™? s™) 0.320 0.097
Transpiration rate (mol m™ s™) 0.296 0.244
Stomatal conductance (mol m™s™) 0.362 0.067
Chlorophyll stability index (mg g™) 0.003 0.425
Total chlorophyll content (mg g™) -0.271 0.119
Cell membrane stability index 0.106 -0.079
Total soluble protein (mg g™) 0.191 -0.091
Nitrate reductase activity (mmol nitrate ghr™) -0.320 0.194
Free amino acid (mg g™) -0.138 0.427
Proline (ng g) -0.283 -0.038
Glycine betaine (mg g™) 0.283 0.103
Total soluble sugar (mg g™) 0.125 -0.233
Super oxide dismutase (units protein™~g™) -0.215 -0.436
Peroxidase (min™ mg™ protein) 0.109 -0.196
Malondialdehyde (n mol g™) 0.124 0.405
Eigen 6.435 2.602
Proportion 0.379 0.153
Cumulative 0.379 0.532
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Figure 11. Loading plot of physiological and biochemical characters of Tectona grandis plus
tree accessions after rehydration.
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4.8 SELECTION INDEX

Selection index values were worked out to select accession tolerant to
drought stress and recovery (based on biochemical parameters and chlorophyll
content), using principle component analysis. Principal component analysis was
performed on all parameters where accumulation indicates the tolerance of the
plant and the first principal component was taken as the index value for selection
(Table 17 and 18) to form the following equations:

Tolerance to stress= 0.233 x T Chl. - 0.231 x TSP + 0.269 x NRA +0.320 x FAA
+ 0.480 x Pro + 0.198 x GB - 0.165 x TSS - 0.295 x SOD - 0.322 x PDX + 0.298
MDA

Recovery from stress= T Chl. + 0.106 x CMSI + 0.191 x TSP - 0.320 x NRA
- 0.138 x FAA - 0.283 x Pro + 0.283 x GB + 0.125 x TSS - 0.215 x SOD
+0.425 x PDX + 0.109 x MDA

Based on these equations selection index were by calculate the score
representing total response to drought and recovery in each accession. Under
drought condition, KFRI T55 showed the strong response, while KFRI T24
showed the weakest response. Under recovery, KFRI T116 showed the strongest

response while, KFRI T55 showed the weakest response.

Table 19. Total score of biochemical responses of teak accessions during stress
and recovery.

Accession Stress Recovery
KFRIT1 5.58 -0.69
KFRI T4 5.24 -2.13
KFRI T5 0.93 2.80
KFRI T9 9.00 1.56
KFRI T16 2.00 5.62
KFRI T24 -0.02 3.18
KFRI T44 8.96 -3.26
KFRI T55 9.71 -5.28
KFRI T116 6.21 471
KFRI T142 6.80 1.62
KFRI T144 7.63 -3.25
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DISCUSSION

5.1. VARIABILITY STUDY

Every tree improvement programs begins with the assessment of the
natural variability existing in the species. Forest trees are assumed to be
genetically variable in order to survive, grow and reproduce under numerous
environments (Antonovicks, 1971). Evaluation of different genotypes of tree
species for morphological, physiological and biochemical characteristics is thus
an important aspect of a tree improvement programme. Variation in response to
environmental stress and its recovery indicate that there are considerable
opportunities for selection to improve productivity in sites with possible threat of
these stresses. One of the possibilities to determine such variation is to determine
the extent, cause and nature of variations present in seedling stage assuming good
juvenile-mature correlation in the species. Although Tectona grandis has
a significant importance in tropical forest, there are few reports on exploration,

identification and documentation on the variation in teak to stresses like drought.

5.2.1 Evaluation of morphometric traits of plus tree accessions at optimal
growth stage

In the first experiment, an attempt was made to identify the best
performing plus tree accessions of one-year age that grow in optimal growing
conditions in nursery. The variables such as seedling height, collar diameter,
leaves number and branches number were measured at three-month interval (first,

third and six) to study the performance.

The seedling height was found to be significantly different among the
accessions at first month, while at third and sixth months they were on par (Table
1). Average height at first, third and sixth month were 26.5 cm, 44.5 cm and
67.6 cm respectively. After sixth month KFRI T116 showed the highest value
74.60 cm.

The accessions did not differ in terms of collar diameter at all stages
(Table 1). Average collar diameter at first, third and sixth month was 7.4 mm,
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10.6 mm, 15.7 mm respectively. After sixth month KFRI T1 showed the highest

value 17.0 mm.

Number of branches and number of leaves too did not differ significantly
among the various accessions (Table 1). Average of number of branches at first,
third and sixth month was 0.5, 1.3 and 2.0 respectively. Average of number

leaves at first, third and sixth month was 10.4, 17.5 and 22.0 respectively.

Results obtained for the qualitative characters between accessions indicate
that there was no difference in terms of morphometric characters among the plus
tree accession up to six-month stage in nursery. Early differences in morphometric
characters in tree seedlings are not entirely unknown. However, at early lag phase
of growth it is entirely plausible that the differences are not obvious. It could be
reasonable to expect that the differences will start emerging later on once the

seedlings enter into the log phase of their growth.

5.2.2 Evaluation of morphometric traits of plus tree accessions under induced

water stress

The availability of water is one of the major limiting factors for normal
plant growth. Plants growing in tropical climate often face certain degree of
drought stress. Plant growth is influenced by various internal and external factors

besides its genetic makeup and is an important tool for assessing productivity.

The accessions subjected to stress did not show any differences among
them and has mean height of 72.6 cm. Similar results were noticed in collar
diameter too. Mean collar diameter of the plantlets after induction of stress was
16.55 mm. (Table 2). However, the stress seems to have reduced the growth rates.
The reason of growth inhibition under water deficit situation is quite common
since cell division dependent on cell turgidity and hence growth. Many studies
showed reduction in terms of growth under water stress in other tree seedling like
Erythrina (Muthuchelian et al., 1986), Albizzia (Sundaravalli et al., 2005),
Eucalyptus microthea (Li et al., 2000), Populus species (Yin et al., 2005b),
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Populus cathayana (Xiao et al., 2009) and Populus davidiana (Zhang et al.,
2005).

Branching habitat of trees effect the quality of final product (Zobel and
Talbert, 1984). Undesirable branching decreases the volume and economic value
of the timber (Codesido and Fernandez-lobez, 2008). Significant variation in
number of branches was detected among the accessions under stress (Table 2).
Number of branches under moisture stress in teak reduced to 1.7 from 2.0 when
drought stress was induced. Significant reduction in leaves number occurred when
plants subjected to water stress (17.1) from 20.0. Significant variation in number
of leaves was observed amongst the accession under stress. Branches and leaves
reduction are common responses to drought stress in tropical forests (Corlett,
2016). The reason for branches and leaves senescence would provide a more
extreme mechanism of water conservation by reducing the transpiration surface
and reduce the transpiration loss (Rood et al., 2000). In extreme cases, in
deciduous species like teak, the tree sheds its entire leaves and remains dormant to

tide over the stress period.
5.3 EFFECT OF DROUGHT STRESS ON PLUS TREE ACCESSIONS

5.3.1 Relative water content and canopy air temperature difference

Plant water status controls the physiological functioning and growth
(Kramer, 1969). Relative water content (RWC), a key indicator of turgidity,
provides a measure of the plant water status. It is usually used as an index of the
degree of cell and tissue dehydration in plants (Anjum et al., 2011). Our study
revealed that RWC decreased in all teak accessions during drought stress (Table
9). Drought stress-induced decrease in RWC has been reported in many previous
studies (Yang and Miao, 2010; Binks, 2016; Karimi et al., 2018; El-yamani et al.,
2019). It was found that in Hevea brasiliensis seedlings, there was a 20% decrease
in RWC after 9 days without irrigation, when compared to control treatment

(Chen et al., 2010). After resuming irrigation, recovery was showed by all
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accession except KFRI T55 (Fig. 1) indicating more plastic damages to the

accession from the stress.

Plant temperature has been recognized as one of the most important factor
to obtain a good measure of plant water stress levels (Stockle and Dugas, 1992).
Under conditions of water stress, plants often attain higher temperature, which
increases their vulnerability to light stress and photo inhibition (Carpentier, 1997).
Canopy air temperature difference is a convenient measure of plants avoiding heat
stress through transpirational cooling. Consequently, when water becomes
limiting, this pathway becomes unavailable and plant canopy temperature rises.
Thus CATD is often used as a handy indication of the stress levels of the plant.
Present study revealed that CATD in leaves increased significantly due to
moisture stress (Table 9). This result is similar to other studies that revealed that
drought stressed plants had higher canopy temperature than non-stressed plants
(Siddique et al., 2000). It was found that in Tectona grandis seedlings, there was
an increase in CATD under water deficit compared to well water seedlings (Sneha
et al., 2017). In recovery stage, partial recovery was seen KFRI T9, T16, T24,
T44 and T55 (Fig. 9), While the remaining accessions recovered completely. The
ability to recover fully indicates the flexibility in these accessions to moisture
stress. The accessions that did not decrease the leaf temperature transpired less
than the others. Similar behaviour observed in six scots pine provenances, where
in Seidel et al. (2016) observed an increase in CATD during water stress and after

re-irrigation the differences became less or near to normal.

5.3.2 Photosynthetic activity

Inducing drought significantly reduced photosynthetic rate (Pn), stomatal
conductance (Gs) and transpiration rate (E). Decrease of 46.4 per cent in
photosynthesis, 89.5 per cent in stomatal conductance and 86.4 per cent in
transpiration rate was observed in the study. (Table 4 and 9). The photosynthetic
activity reduction during drought initially is probably prompted by stomatal
closure, leading to limitation of ambient CO, diffusion to the mesophyll. Stomatal
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closure also limits transpiration. In eucalyptus species under drought stress,
a strong reduction in the rate of photosynthesis, stomatal conductance and
transpiration was observed (Lima et al., 2003). Drought stress decreasing
photosynthesis stomatal conductance, and transpiration rates was noticed in young
apple trees too (Wang et al., 2018).

Moreover, among the accessions Gs exhibited higher variation response
even before the leaf water content changed due drought treatment (Table 3).
Stomatal conductance can have protective effects because it allows the plant to
save water and to improve its efficient use (Chaves et al., 2009). This indicates

that Gs can be used as good indicator of drought stress tolerance in plants.

Photosynthesis reduction is mainly caused by stomatal limitation under
mild to moderate drought condition when both Gs and sub-stomatal
CO, concentration (Ci) decline, while non-stomatal limitation is the main reason
for the decrease in photosynthesis when Ci increases and Gs reaches a minimum
inflection point (Pérez-Lopez et al., 2012; Zhou et al., 2013). This agree with our
findings that the decrease in photosynthesis due to stress might be as result of both
stomatal and non-stomatal limitation mechanisms as reported by Epron et al.
(1992) and Maxwell and Johnson (2000) too. Higher values of Pn are usually
accompanied by higher rates of E and Gs for several species in the tropical region
(Santiago and Wright, 2007). However, the maintenance of the Pn associated with
lower values of Gs and E under conditions of water stress, indicate the existence
of adaptation mechanisms. According to Chaves and Oliveira (2004), the initial
phase of water deficit is the stomata partial closure, observed through a fast
reduction of the Gs. Then, a later phase can occur with a decrease in the
transpiration rate and photosynthetic carbon assimilation, which both causes
an elevation in the water use efficiency and intrinsic water use efficiency, in order

to diminish water loss.

The recovery from drought stress is dependent on not only the duration

time of rehydration but also the degree and duration time of drought (Gomes et
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al., 2012; Sircelj et al., 2007). After rehydration, the results showed that the
impaired photosynthetic activity (Pn) gradually recovered along with stomatal
conductance and transpiration in most accessions (Fig. 2). The lack of recovery
may be due to limitation of stomatal and mesophyll conductance and biochemical
limitations (Galmes et al., 2007). The complete recovery in photosynthetic rate in
KFRI T4 and T116 indicated that increases in stomatal aperture with duration of
re-watering facilitated diffusion of CO, from the atmosphere to the carboxylation
site of Rubisco (Abid et al., 2018). Moreover, the recovery of photochemistry and
down regulation of heat dissipation in all accessions occurred in the short period.
These observations on photosynthetic rate, stomatal conductance and transpiration
rate results are in accordance with those previously observed in teak (Rajendrudu
and Naidu, 1997; Husen, 2010), where a significant drop in photosynthetic rate,
stomatal conductance and transpiration rate in trees submitted to water stress was
observed. These values recovered near to the values of optimal irrigation. Hence
it can be concluded that the role played role stomatal closure and physiological

processes were clear in decreasing net photosynthetic rates during drought stress.

5.3.3 Photosynthetic pigment and chlorophyll stability index

Photosynthetic pigments are important to plants mainly for harvesting
light and production of reducing powers. Both the chlorophyll a (Chl. a) and
chlorophyll b (Chl. b) are vulnerable to water deficit (Farooq et al., 2009).
Chlorophyll Stability Index (CSI) is a function of temperature and is found to
co-relate with drought tolerance. It is a measure of integrity of membrane or heat
stability of pigments under drought stress conditions (Kaloyereas, 1958). It is an
important parameter used to measure drought tolerance of a plant. A higher CSI
helps plants to withstand stress through better availability of chlorophyll. This
leads to increased photosynthetic rate (Mohan et al., 2000).

The result showed that Chl. a, Chl. b, chlorophyll stability index and total
chlorophyll content in teak accessions were reduced under water stress (Table 9).
The decrease in chlorophyll content due to pigment photo-oxidation and
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chlorophyll degradation under drought stress has been considered as a typical
symptom of oxidative stress. It is well known that exposing plants to water stress
lead to photosynthetic pigments degradation (Duan et al., 2005; Manivannan et
al., 2007; Elsheery and Cao, 2008; Guerfel et al., 2009). Both drought stress and
temperature stress causes significant decrease of CSI in all wheat genotypes
(Sairam et al., 1997). Loss of chlorophyll contents under water stress is
considered as a main cause of inactivation of photosynthetic pigments due to
several causes. Smirnoff (1993) reported that the decrease of chlorophyll content
was mainly the result of damage to chloroplasts caused by reactive oxygen
species. The reduction of chlorophyll content under drought might be due to the
fact that drought stress blemishes the chlorophyll content through internal
modification in the thylakoid membrane (Sivakumar et al., 2017). The reduction
of photosynthetic pigments may be due to reduction in the lamellar content of the
light harvesting Chl. a/b protein that accounts for the elevated Chl. a/b ratio and/or
due to water stress-induced decrease in the availability of mineral nutrients, and/or
to the damages to chloroplasts by reactive oxygen species (ROS), and or either
slow synthesis or fast breakdown of chlorophyll pigments (Khanna-Chopra et al.,
1980; Ashraf, 2003). The decrease in photosynthetic pigment concentrations
could also reduce damages to the photosynthetic machinery, since under low
water availability there would be lower CO, concentrations inside the chloroplast
caused by stomatal closure (Hortensteiner, 2009; Oliveira et al., 2014). Drought
stress caused a large decline in the chlorophyll a content, the chlorophyll b
content, and the total chlorophyll content in all sunflower varieties investigated
(Manivannan et al., 2007). Juby (2019) reported that drought stress decreased
chlorophyll stability index in all cocoa hybrids.

At recovery stage, all accessions recovered near to normal stage (Fig. 3).
Majority of accessions showed complete recovery in chlorophyll a and total
chlorophyll while in chlorophyll b and chlorophyll stability index, the recovery
was slower. The faster recovery of Chl. a indicate that less effect of drought

response compare to Chl. b. Observations in Anadenanthera columbrina
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(Rivas et al., 2013), Moringa oleifera (Oliveira et al., 2014) and Sterculia foetida
(Frosi et al., 2017) indicate that higher concentration of chlorophylls and
carotenoids under stress, could provide a faster recovery of the photosynthetic

activity after renydration.

5.3.4 Total soluble protein

A decrease in the protein concentration would be a typical symptom of
oxidative stress and has frequently been observed in drought stressed plants (Seel
et al., 1992; Moran et al., 1994). Many studies have revealed that excess light
energy absorbed by photosynthetic pigments is responsible for PSII photo-damage
(Gan and Amasino, 1997; Quirino et al., 2000; Barber and Andersson, 1992) and
to damage of thylakoid proteins (Kato and Sakamoto, 2009; Aro et al., 1993).
Present study indicates that water deficit affected all accessions significantly and
caused total soluble protein (TSP) degradation (Table 9). The degradation might
be due to increase protease activity (Palma et al., 2002) or other catabolic
enzymes, which get activated under drought, stress (Zhang and Davies, 1987). It
could also be due to fragmentation of proteins due to toxic effects of reactive
oxygen species (Baisak et al., 1994; Kramer and Boyer, 1995). Under normal
conditions, D1 protein remains at a certain level by the balance between the
damage and repair of D1 (Baena-Gonzalez and Aro, 2002). Previous research has
shown that, to prevent the accumulation of photodamaged D1 and PSII, plants
develop a repair process consisting of several steps as follows: proteolytic
degradation of the D1 protein; synthesis of the precursor to the D1 protein (pre-
D1); insertion of the newly synthesized precursor into the thylakoid membrane
concomitant with the assembly of other PSII proteins; maturation of the D1
protein by C-terminal processing of pre-D1; and finally, assembly of the oxygen-

evolving machinery (Aro et al., 1993; 2004).

After recovery five accession showed complete reversal while other

showed partial recovery (Fig. 4). Similar results obtained in teak (Husen, 2010),
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cowpea (Rivas et al., 2016), wheat (Abid et al., 2018) and apple (Wang et al.,
2018).

5.3.5 Nitrate reductase activity

The nitrate reductase activity (NRA), a substrate inducible enzyme
mediates conversion of nitrate to nitrite (Beevers and Hageman, 1969). In our
study inducing drought stress in all accessions showed significant reduction in
NRA (Table 9). The reduction in the activity might be either due to reduction in
enzyme level (Bardzik et al., 1971) or due to the inactivation of the enzyme
(Nicholas et al., 1976) caused by stress condition. Ferrario-Mery et al. (1998)
reported decline of NRA during water stress is mainly attributed to low NO*
absorption and availability resulting from water uptake deprivation. Decline of
NRA consequent to moisture stress has been reported in many plant species, such
as maize (Foyer et al., 1998), potato (Ghosh et al., 2000), winter wheat (Xu and
Yu, 2006) and cocoa (Juby, 2019). Sivaramakirishnan et al. (1988) studied the
midseason drought indicating that there is a sharp decline in NRA under water

stress situation.

The reduction of NRA in all accessions was reversed partially after relief
of stress except KFRI T1 (Fig. 4). The reversal may be attributed to a restoration
of the polyribosomal system (Hsiao, 1970). This confirm to earlier reports on
wheat (Plaut, 1974), Zea mays L, (Shaner and Boyer, 1976), sugarcane
(Devi et al., 2018), where under drought stage NRA decline severely while after

resuming irrigation NRA recover to near to normal.

5.3.6 Osmotic adjustment

The physiological mechanisms that allow a species to tolerate prolonged
periods of drought stress can involve numerous attributes including the
accumulation of osmotically active solutes like free amino acid (FAA), proline
(Pro), glycine betaine (GB) and total soluble sugar (TSS), so that turgor in cell
may be maintained during drought (Farooq et al., 2009; Silva et al., 2009). In this
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study, FAA content increased under drought treatment, as compared with normal
watering stage (Table 9). FAA is an important mechanism that alleviates some of
the detrimental effects of water-deficit stress (Morgan, 1984). Accumulation of
amino acids may be due to the hydrolysis of protein and may occur in response to
the change in osmotic adjustment of cellular contents (Greenway and Munns,
1980). This conforms to earlier reports of (Yadav et al., 2005; Manivannan et al.,
2007).

Our study found that proline increased due to water deficit (Table 9).
Proline is an amino acid and known to act as an osmolyte, protecting the plasma
membrane integrity (Mansour, 1998), as a sink of energy or reducing power
(Verbruggen et al., 1996), as a scavenger of reactive oxygen species and their
derivatives (Hong et al., 2000; Bashir, et al., 2007) and as a source for carbon and
nitrogen (Peng et al., 1996), thereby helping the plants to tolerate stress effects
(Manivannan et al., 2007). Thus, the proline accumulation appeared to play
adaptive roles in plant stress tolerance (Manivannan et al., 2007) and is known to

be the first response of plants exposed to water-deficit stress (Anjum et al., 2011).

Sugars have different functions in plants from energy storage to signaling.
Plants utilize several sugar-based strategies to adapt to environmental stresses
(Anderson and Kohron, 2001; Chaves et al., 2003). Present study indicated that
TSS increased significantly in all accession when subjected to water stress stage
(Table 9). The increase of TSS contents through inversion of carbohydrates may
contribute to enhanced desiccation tolerance and allows metabolic activity to be
maintained. Chaves (1991) mentioned that TSS content tends to be maintained in
the leaves of drought-stressed plants, although rates of carbon assimilation were
partially reduced. The maintenance of TSS content in the absence of declined
carbon assimilation may be at the expense of starch, which drastically declines.
Hence, it can be concluded that the TSS act as osmoticum that protect specific
macromolecules and contribute to the stabilization of membrane structures
(Bartels and Sunkar, 2005).
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The glycine betaine (GB) content increased under drought stress in all teak
accessions (Table 9). The accumulation of GB might serve as an intercellular
osmoticum and it could be closely correlated with elevation of osmotic pressure
(Wyn-Jones and Story, 1978). GB may maintain the osmoticum, provided that the
basal metabolism of the plant can sustain a high rate of synthesis of these
compounds to facilitate osmotic adjustment for tolerance to water stress
(Kishore et al., 1995). Xing and Rajashekar (1999) reported that when Phaseolus
vulgaris was treated with GB, plant showed a slower decrease in leaf water
potential during stress and developed wilting symptoms much later than untreated

plants.

The accumulation of osmoprotectants in plants under drought stress
conditions have been reported to increase the osmotic adjustment capability,
resulting in a stronger drought tolerance (Zu et al., 2017). Previous studies of teak
drought stress showed a significant increase in leaf free amino acid, proline, and
total soluble sugar contents after drought stress (Castro et al., 2007; Husen, 2010).
Similarly GB increased in cocoa hybrids due to exposure to stress (Juby, 2019). It
has also been demonstrated that GB treated bean plants showed a better ability to
recover from wilting following the removal of the stress (Ashraf and Foolad,
2007).

After re-watering, all accessions did not show complete recovery in
proline and glycine betaine, while complete recovery was noticed for free amino
acid and total soluble sugar (Fig. 5). Consistent with the results in this study
Husen (2010), Abid et al. (2018), Zhang et al. (2018) and Dien et al. (2019) found
that rehydration after water stress significantly reduced the content of

osmoregulants that were accumulated during stress.

5.3.7 Antioxidant enzymes

When the degree and duration of water stress exceed the tolerance ability
of plants, plants will not be able to dissipate the excess radiation intercepted and

this excess energy will lead to an increase in the production of reactive oxygen
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species (ROS) including O2+— and H,O, (Wang et al., 2018). Consequently, the
accumulation of ROS will lead to damages to plant proteins, lipids, carbohydrates,
DNA (Gill and Tuteja, 2010). To avoid this disturbance a series of antioxidant
enzymes are deployed by plants to scavenge ROS induced by adverse
environments (Zhu et al., 2005). Present study observed an increase in super
oxide dismutase (SOD) and peroxidase (PDX) due to drought stress (Table 9).
The increase of SOD and PDX indicates that protective mechanisms
(photoprotection) are employed by the plant to tolerate moisture stress. SOD plays
a central role in the enzymatic defense system in removing superoxide anions
(Bowler et al., 1994). The imbalance between the antioxidant defense systems and
reactive oxygen species (ROS) production will ultimately results in irreversible
damage and cell death (Apel and Hirt, 2004; Gill and Tuteja, 2010). Significant
increase in SOD activity under drought stress was observed in Argan spinosa
(Chakhchar et al., 2015, 2016), Olea europea (Ahmed et al., 2009; Boughalleb
and Mhamdi, 2011), Saccharum officinarum (Patade et al., 2011), Populus
cathayana (Zhang et al., 2012) and Jatropha curcas (Pompelli et al., 2010). This
significant increase in SOD activity indicates the ability to eliminate the increased
ROS in teak seedling indicating an adaptation to alleviate oxidative stress. The
increase of PDX activity could reflect the changed mechanical properties of the
cell wall. PDX activity is an adaptive trait that helps to overcome the damage to
the tissue metabolism by reducing toxic levels of H,O, produced during cell
metabolism. PDX offers protection against oxidative stress by converting H,O; to

water and oxygen (Blokhina et al., 2003).

Upon relieving of stress, five of eleven accessions reduced the SOD to
normal levels, while the rest showed partial recovery (Figure 6). Increase in SOD
and PDX activities due to stress and rapid reversal was noticed in Phoebe zhennan
saplings (Hu et al., 2015), warm-temperate woody species (Li et al., 2019) and
olive trees (Sofo et al., 2008).
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5.3.8 Malondidaldehyde and cell membrane

Malondialdehyde in cells is a reactive aldehyde produced as result of lipid
peroxidation of polyunsaturated fatty acids by ROS. Cell membrane stability
index (CMSI) and malondialdehyde (MDA) increased significantly during
drought stress and caused considerable damage to cellular membranes in all teak
accessions (Table 9). Despite photoprotection (physio-protective mechanisms)
and antioxidant substances to counter the ROS damage, cells membrane damage
by ROS occurred in all teak accessions during water stress. Drought stress-
induced damage on the cellular membranes has been reported in many previous
studies (Yin at al., 2005a; Duan et al., 2005; Elsheery and Cao, 2008; Xiao et al.,

2009). Increased MDA level indicates further oxidative damage to teak leaves.

Resuming irrigation lead to slow recovery in CMSI and MDA except
KFRI T55 (Fig. 7). Rapid increase in CMSI and MDA during water stress and
reversible after rehydration has been reported in teak (Husen, 2010), Populus
cathayana, Populus populations (Liao et al., 2018), Mexican lime (Shekafandeh
et al.,, 2019), suger cane (Devi et al., 2018) and Artemisia halodendron
(Chen et al., 2019).

4.5. CORRELATION OF DROUGHT STRESS AND DROUGHT RECOVERY
ON NUMBER OF LEAVES

Many studies have been conducted to find out how certain enzymes
regulate the activity of plants during drought stress and how this affects the
physiological parameters in order to give tolerance to plants (Deltoro et al., 1998;
Yordanov et al., 2000). Understanding the correlation of physiological and
biochemical responses to water deficit will help in breeding plant cultivars having
high yield and stability under drought conditions (Yordanov et al., 2000).

Among the physiological characters studied, only chlorophyll content and

photosynthetic pigments showed significant positive correlation with the
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dependent variable (number of leaves). The correlation coefficient observed were
(0.81) for chlorophyll a (0.69) for Chlorophyll b and (0.69) for total chlorophyll
(Table 10). These characters had significant positive correlation with drought
recovery too (table 11). It has been already proved that photosynthetic pigments
are having direct correlation with drought stress and drought recovery in plants
(Chen et al., 2016). Photosynthetic pigment absorbs energy from light and hence,
the foliar chlorophyll content is an important factor affecting the performance of
plant photosynthesis (Taiz and Zeiger, 2006). Maintaining lower chlorophyll
content under serious drought stress may help plants to reduce photo-oxidative
damage, which occurs when photosynthesis is inhibited and light excitation
energy is in excess (Aranjuelo et al., 2010). Several studies had showed that
drought stress visibly decreases the chlorophyll a, chlorophyll b and total
chlorophyll content of different crops (Mafakheri et al., 2010), which indicate that
the presence of low levels of chlorophyll in leaves was a general symptom of
stress. The excessive excitation energy absorbed by photosynthetic pigment in
photosystem I1 will lead to an impairment of photosynthetic function, progressing
to an accumulation of reactive oxygen species (ROS) and resulting in oxidative
stress (Pinto-Marijuan and Munne-Bosch, 2014). Alternatively, maintaining
higher chlorophyll content during water stress contributes to rapid recovery of
photosynthesis (Chen et al., 2016). Hence, it can be concluded that chlorophyll
content was significantly correlated with drought stress and drought recovery in
plants.

Maintaining optimal water status is crucial to optimal physiological
functioning and growth. Relative water content (RWC) had significant negative
relation with number of leaves during drought recovery and no correlation with
drought stress (Tables 10 and 11). This finding disagrees with many studies that
have suggested that high RWC is closely related to drought resistance
(Altinkut et al., 2001; Keles and Oncel, 2004). Observations at recovery agree
with Muthuramu et al. (2010) who reported that ‘days to attain 70 per cent RWC

had negative and significant correlation with leaf drying during drought recovery
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in rice. This result suggested that existence of high number of retained leaves may
serve as an indicator of plant water status, and that a plant’s ability to maintain
adequate water status improves drought adaptability by enhancing stress relief and
drought recovery. It can be concluded that leaf water potential, is a key indicator
of the degree of cell and tissue hydration.

Transpiration and photosynthetic rates had negative and significant
correlation with number of leaves during water recovery while no correlation at
drought stress (Tables 10 and 11). This is in disagreement with many studies
which reported drought condition causing water loss which lowers rates of carbon
uptake and hence lowers rates of net photosynthesis per unit area of
photosynthesizing surface in leaves (Orians and Solbrig, 1977). This indicates that
during the stress, plant dropped the leaf in order to reduce transpiration rate while
maintain the photosynthesis. This agrees with Orians and Solbrig (1977) who
mentioned a plant gains by dropping a leaf if the cost of maintaining it during
a stress period exceeds the cost of producing a new one.

Super oxide dismutase (SOD) had positive significant correlation with
number of leaves during drought recovery while no correlation during drought
stage (Tables 10 and 11) suggesting that the retained leaves still suffer from
oxidative stress. Roldan et al. (2008) reported increase of SOD activity level in

shoots of Juniperus oxycedrus seedlings after recovery period.

In the present study neither drought stress or drought recovery shows
correlation with the osmotic regulators and the number of leaves (Tables 10 and
11). Several studies have suggested a positive correlation of osmotic regulation
with drought response (Shangguan et al., 1999; Hura et al., 2007; Juby, 2018).
Chen et al. (2016) reported no correlation between osmoregulation potential and

total soluble in maize when induced to water stress and drought recover.

In the present study, the correlation analysis between relative values of
physiological and biochemical changes and number of leaves indicated that

relative water content, photosynthetic rate, stomatal conductance, transpiration
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rate, chlorophyll a, chlorophyll b, total chlorophyll content and super oxide
dismutase could be used as reliable reference indicators in the selection of
drought-adaptive genotypes. More specifically, all eight indicators were related to
drought recovery while chlorophyll a, chlorophyll b and total chlorophyll content
were related to drought stress (Tables 10 and 11).

Hence, it can be concluded that drought recovery may play a more
important role than drought stress in drought adaptation of teak. Recently,
increasing importance has been attached to drought recovery in crops, particularly
in light of global climatic change (Chaves et al., 2009; Luo, 2010; Perrone et al.,
2012; Vankova et al., 2012; Fang and Xiong, 2015). Fang and Xiong (2015)
considered drought recovery as one of the major components of drought

resistance, along with drought avoidance, drought tolerance and drought escape.

5.6 PRINCIPAL COMPONENTS ANALYSIS OF PHYSIOLOGICAL AND
BIOCHEMICAL PARAMETERS AT DROUGHT STRESS AND DROUGHT
RECOVERY

The principal components reflected different aspects of physiological and
biochemical responses of genotypes more intuitively. In the present study, the
roles of drought stress and drought recovery were comparatively analyzed. These
results revealed that the physiological and biochemical bases of drought stress and
drought recovery (Fig. 11 and 12) are definitely different and that difference may
reduce the damage associated with drought stress on plant photosynthetic systems

contributing to rapid recovery after re-watering.

5.7 CLUSTER ANALYSIS OF PHYSIOLOGICAL AND BIOCHEMICAL
PARAMETERS AT DROUGHT STRESS AND DROUGHT RECOVERY

Cluster analysis attempted to differentiate the accessions based on
physiological and biochemical characteristics of drought response. Data obtained
from physiological and biochemical traits of eleven accessions in both drought

stress and recovery stages were analyzed using hierarchial eucledeian cluster
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analysis, which allows discriminating individuals maintaining homogeneity within

the group and heterogeneity between the groups.

Eleven plus trees accessions were grouped into six clusters in case of
drought stress (Table 15) while seven clusters in case of drought recovery
(Table 16). It helped to identify the most distant accessions and most closely
placed ones for further breeding. For drought stress, the cluster Il possessed

maximum number of accessions whereas the remaining had two in each.

For drought recovery, the cluster VIl possessed maximum number of
accessions whereas the least number was observed for the cluster I, IV, V and VI.
So, KFRI T1, T9, T16 and T116 differed in their morphological, physiological

and biochemical characters than others.

Greater variability in the base population ensures more success in tree
improvement programme. The primary objective of germplasm conservation is to
collect and preserve the genetic variability in indigenous collection of a species to
make it available for present and future generations. Our results showed the
clustering of the genotypes into groups differing in drought stress and recovery of
selected teak accessions. Beside, both stages had considerable variations that
allowed separating the groups of similarities and thus indicated that tolerance to

drought in teak plus trees might be having a wide genetic background.
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SUMMARY

The study entitled “Drought response in plus trees of teak (Tectona
grandis Linn. f.) provenances of Kerala” was conducted in College of Forestry,
Vellanikkara during 2018-2019. In the study, an attempt was done to evaluate the
variability of drought stress and drought recovery on morphological, physiological
and biochemical responses among eleven plus trees of teak from different
provenances of Kerala as well as to understand the role of physiological and
biochemical responses in teak during drought stress and recovery.

The salient features of the study are summarised below:

Experiment-1: Screening of ramet performance

e One year ramets of teak plus tree from different provenance of Kerala were

used to evaluate the variability among them.

e At the first, third and six month in nursery, the plus trees were evaluated for

height, diameter, leaves number and branches number.

e At the sixth month, variation was absent among the eleven teak accession in

term of height, diameter, leaves number and branches number.

e Physiological and biochemical characters also were investigated at six month
stage, and the variation was detected in characters of stomatal conductance,

nitrate reductase activity, free amino acid, proline and peroxidase.
Experiment-11: Screening of ramet at drought and recovery

e Drought stress was induced by withholding water consecutively, till leaves
exhibited symptoms of wilting. Plantlets were exposed to two consecutive
drought treatments with an intervening period of stress relief through

rehydration for six days.

e During drought stress and recovery, biometric, physiological and biochemical

character were observed.
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After inducing drought stress, growth parameters slowed down in all

accessions between plus trees.

All physiological parameters except canopy air temperature differences and
cell membrane stability index were lower under water stress. All
physiological parameters reversed near or to level of normal after relieving

water stress.

During water stress, variability of physiological characters among tested
accessions were observed in stomatal conductance, chlorophyll a, chlorophyll
b and total chlorophyll content. While, no variation in all physiological

parameters among accessions after rehydration.

Most of biochemical parameters like free amino acid, proline, glycine
betaine, total soluble sugar, super oxide dismutase, peroxidase and
malondialdehyde increased after inducing drought. However, total soluble
protein and nitrate decreased under drought induction. After rehydration,
most of these physiological and biochemical parameters rapidly returned to
the level of normal irrigated condition.

Variability on biochemical characters were observed in proline, super oxide
dismutase, peroxidase and malondialdehyde during drought stress among
accession. In drought recovery, character like nitrate reductase, free amino

acid, proline and peroxidase showed variability.

Among the twenty characters used for estimating the correlation under
drought stress in teak plus tree accessions, leaf number showed positive
correlation with content of chlorophyll a, chlorophyll b and total chlorophyll

content.

Relative water content, photosynthetic rate, stomatal conductance,
transpiration rate chlorophyll a, chlorophyll b, total chlorophyll content and
superoxide dismutase had a positive correlation with number of leaves during

drought recovery.
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Both drought stress and recovery are key determinants of seedling plant
drought adaptation, drought recovery may play the more important role as

more character correlated with number of leaves.

A hierarchical cluster analysis was done for the eleven accessions based on
the Euclidian squared distance. During drought stress, the accessions grouped
into five clusters; cluster Il had three of accessions, whereas remaining

clusters had two accessions each.

In case of drought recovery, the accession was grouped into seven clusters;
cluster VIl had three accessions, while only one accession was present in
cluster I, IV, V and VI.

Principal component analysis showed that in case of drought stress, first two
components accounted for 41.9 per cent of the total variability, which was
mainly contributed positively by relative water content, nitrate reductase, free

amino acid, proline and malondialdehyde.

At drought recovery, first two components of PCA together accounted for
53.2 per cent of the total variability, which was mainly contributed positively
by photosynthetic rate, stomatal conductance, transpiration rate, chlorophyll

stability index, glycine betaine and malondiadehyde.

Selection index were worked out to select accession tolerant to drought stress
and recovery based on biochemical parameters and total chlorophyll content
using first principle component as index. It was found that KFRI T55 was

most tolerant and quickest to recover after relifing stress among accession.

These results could be useful in selection of drought tolerant clones of Teak.
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ABSTRACT

A study on ‘Drought response in plus trees of teak (Tectona grandis Linn. f.)
provenances of Kerala” was conducted in College of Forestry, Vellanikkara during
2018-2019 to evaluate variability in seedling biometric, physiological and
biochemical characters of plant during drought stress and drought recovery. Drought
stress was induced by withholding water till leaves exhibited symptoms of wilting.
Plantlets were exposed to two consecutive drought treatments with an intervening

period of stress relief through rehydration.

Seedling vigor was screened at six months. No variability was present in
morphometric characters like height, diameter, number of leaves and branches. After
inducing drought stress, growth parameters slowed down in all accessions between
plus trees. Induction of drought resulted in reduction in most of the physiological
parameters of the plantlets of teak plus tree accessions. Relative water content,
photosynthetic rate, stomatal conductance, transpiration rate, chlorophyll a,
chlorophyll b, total chlorophyll and chlorophyll stability index showed reduction.
However, under drought stress, plantlets showed increased of canopy air temperature
differences and cell membrane stability index. Most of biochemical parameters like
free amino acid, proline, glycine betaine, total soluble sugar, super oxide dismutase,
peroxidase and malondialdehyde increased after inducing drought. However, total
soluble protein and nitrate decreased under drought induction. After rehydration,
most of these physiological and biochemical parameters rapidly returned to the level

of normal irrigated condition.

The stomatal conductance was only differed in the accessions before stress
was induced. However, after stress, it was found that accessions differed in stomatal
conductance, photosynthetic pigments and total chlorophyll content. In drought
recovery, there was no variation in physiological parameters among accessions.
Variability on biochemical characters were observed in nitrate reductase, free amino
acid, proline and peroxidase among accessions during pre-stress stage, while in

drought stress it was observed that proline, super oxide dismutase, peroxidase and
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malondialdehyde differed among accession. In drought recovery, characters such as

nitrate reductase, free amino acid, proline and peroxidase showed variability.

Correlation studies showed that among the physiological and biochemical
character only chlorophyll a, chlorophyll b and total chlorophyll showed positive
correlation with the number of leaves during drought stress, while in recovery,
positive correlation was shown by super oxide dismutase, chlorophyll a, chlorophyll
b and total chlorophyll content and negative correlation was observed in

photosynthetic rate, transpiration, relative water content and stomatal conductance.

Hierarchical cluster analysis was done for the eleven accessions based on the
Euclidian squared distance. During drought stress, the accessions grouped into five
clusters; cluster 111 possesses four of accessions whereas the least number observed
for the cluster V. In recovery, it was grouped into seven clusters; cluster VII had

three accessions, while only one accession was present in cluster I, IV, V and VI.

First two components of principle component analysis during drought stress
accounted for 41.9 per cent of the total variability, which was mainly contributed
positively by relative water content, nitrate reductase, free amino acid, proline and
malondialdehyde. In drought recovery, first two components of PCA together
accounted for 53.2 per cent of the total variability, which was mainly contributed
positively by photosynthetic rate, stomatal conductance, transpiration rate,

chlorophyll stability index, glycine betaine and malondiadehyde.

Selection index were worked out to select accession tolerant to drought stress
and recovery based on biochemical parameter and chlorophyll content using first
principle component as index. It was found that KFRI T55 was most tolerant and

quickest to recover after reliving stress among accession.

It can be concluded from the results that physiological and biochemical
variations exist in teak plus tree accessions. These results could be useful in selection

of drought tolerant
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