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Abstract 

The global climate change is occurring at an unpredictable rate, where periods of drought are 

predicted to be extremely severe. The drought tolerance in Teak (Tectona grandis Linn. f.) accessions; 

collected from North East India was screened under water stress conditions created by reducing irrigation 

doses. Parameters targeted for screening were vegetative growth, physiological parameters and chemical 

constituents of leaves. Water stress treatment revealed that plant height, leaves number/plant, average leaf 

area, N, P, K, Ca, Cl and Na content were significantly decreased by increasing the level of water stress 

conditions in all studied accessions. Variations in the physiological parameters among different 

accessions may be due to different intensities of natural selection acting upon the traits in their natural 

habitat. The aim of the study was to determine source variation in Tectona grandis Linn. f. accessions 

collected from 41 locations of North East India and to identify the best sources to be utilised for 

reforestation and further genetic improvement work. In our study, three promising drought tolerant 

accessions were screened in a decreasing order of drought tolerance viz. GKU-24, GKU-37 and BNU-10 

whereas; the drought stress had the most adverse effect on ASM-124 and LUT-45. 
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1. Introduction 

Water is the most limiting ecological resource for most tree and forest sites. As soil-water content 

declines, trees become more stressed and begin to react to resource availability changes. A point is 

reached when water is so inadequately available that tree tissues and processes are damaged. Lack of 

water eventually leads to catastrophic biological failures and death. Growing periods with litt le water can 

lead to decreased rates of diameter and height growth, poor resistance to other stresses, disruption of food 

production and distribution, and changes to the timing and rate of physiological processes, like fruit 

production and dormancy. More than eighty percent of the variation in tree growth is because of water 

supply. The effect is more prominent at early stage of growth. Add to that, the excessive population and 

livestock pressure and the requirements of forest products for essential development generate a pressure 

on forest resources like fuel wood, fodder, timber, lumber, paper, etc. which in turn triggers a 

deforestation process.  
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Overexploitation of the forest's resources as compared to its incremental and regenerative capacities 

escalates the forest depletion and degradation process. Excessive deforestation has not only local but also 

global environmental degradation ramifications. It can also affect sustainable socio-economic 

developmental processes in the developing countries as forests have been generating a lot of employment 

opportunities in the primary, secondary, and tertiary sectors and have been a source of subsistence to the 

poorest of the poor in the agricultural economies. Furthermore, inhuman face of deforestation is 

characterised by the increasing stress on the poorer sections of the society and women, as they have been 

primarily involved in gathering fuel wood, fodder and water in the traditional village economies. The 

annual demand for industrial wood is about 28 million cubic meters against the production capacity of 12 

million cubic meters. Population pressure is always the underlying cause of overexploitation of the natural 

resources including forest stock. Possibly, poverty, corruption, weak institutions, and wasteful 

consumption patterns also combine with the population pressure facilitating depletion and degradation of 

forest stock having enormous environmental degradation ramifications. Therefore, it is very important to 

manage the forest in efficient way to meet the ecological need, human need and for better green world. 

Amongst other various ways and means introduction of new germplasms with improved drought tolerance 

ability in degraded land will lessen the burden to some extent. Understanding the physiology of drought 

tolerance at early stage of tree species like teak will be of great help to develop better stock for mass 

production. 

Teak (Tectona grandis Linn. f.) (Lamiaceae) is a tropical tree species. It is one of the world's 

premier hardwood tree species, highly famous for its quality, durability, dimensional stability, 

weightlessness and resistance to weathering. It is native to India, Myanmar, Thailand, and Indonesia 

(Verhaegen et al., 2010; Vaishnaw et al., 2015). Today, there is an urgent need for teak conservation 

measures, and this is especially important in the light of likely climatic changes in the years to come. Due 

to population pressure and un favourable biotic factors, teak resources have considerably decreased both 

in extent as well as in density, quality and quantity over the natural range. Establishing a comparative 

physiological mechanism that are active in plant system in different genotypes is utmost important to 

understand the mechanism of drought tolerance of plant species. Teak is a widely adopted species and 

there are scanty of reports on its physiological studies especially in context to different abiotic stress viz. 

droughts. The aim of the present work is to screen the drought tolerance and drought sensitive teak plant 

based on various vegetative and physiological parameters as well as leaves nutrient analysis and to study 

how the vegetative, physiological and leaf nutrients differ between two contrasting teak plants (drought 

tolerance and sensitive) as well as the interaction of these factors regarding plant development, to identify 

the best sources to be utilised for reforestation and future genetic improvement work. 

 

2. Methodology 
2.1 Plant growth and water stress treatment 

 T. grandis accessions were housed in an experimental greenhouse of CSIR-North East Institute of 

Science and Technology, Jorhat, Assam, India which falls between 27.35o-26.30o N latitude and 93.45o-

94.30o E longitude and enjoys moderate type of climate. Accessions of T. grandis were collected through 

survey from different regions of North East India, from parent plants chosen randomly from each 

population, which were about 100 m apart from each other. Accession from each plant were collected and 

labeled to maintain their identities. The accessions were maintained in the nursery and 6-month old own-

rooted uniformed accession were planted in plastic bags 20 cm diameter and 30 cm depth, each bag was 

filled with a constant weight (6 kg) of sand soil (in the ratio 1:1 by volume) and plants were pruned to 

single shoot. The sand soil was mainly used because it has low water holding capacity and thus suitable 

for drought stress studies. The upper portion of the green house was covered with green plastic shade, 

while the other parts remained open. Two set of bags were arranged in factorial experiment in complete 
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randomized design with three replications and each replicate was represented by nine plants. Field 

capacity was calculated according to Klute (1986) and the irrigation treatments were applied once in an 

interval of 7 days using normal tap water as follows: 

a. Irrigation at 100% of field capacity (Normal irrigation). 

b. Irrigation at 75% of field capacity. 

c. Irrigation at 50% of field capacity. 

d. Irrigation at 25% of field capacity. 

The plants were kept at dehydration stress for a period of 6 months. The drought tolerant and 

sensitive plants were screened on the basis of repeated measurement of vegetative and physiological 

characteristics as well as analysing leaves chemical constituents. 

2.2 Vegetative characteristics measurements 

Plant height, leaves number per accession and leaf area were determined to study the effect of 

water stress on different accessions of T. grandis. Plant height was measured (cm) from the soil surface 

till the top of plant. The number of leaves/accession was recorded. Leaf area was measured with a Leaf 

Area Meter 211 (Systronics) for five leaves chosen randomly from each plant and expressed as average 

leaf area per leaf. The leaf area was multiplied by the number of leaves occurring in the plant and was 

expressed as total leaf area per plant. 

2.3 Physiological characteristics measurements 

Transpiration rate, stomatal conductance, net photosynthetic rate, relative water content, intrinsic 

water use efficiency, instantaneous water use efficiency, leaf area ratio, specific leaf area, root: shoot ratio 

and plant biomass were determined to identify the physiological adjustment of T. grandis L.f to water 

stress treatment. Transpiration rate (mmol m-2 s-1), stomatal conductance (mol m-2 s-1) and net 

photosynthesis rate (µmolm-2s-1) were measured using a Portable Photosynthesis System TPS-2 (PP 

Systems). Leaf relative water content (RWC) was calculated as (Weatherley, 1950): 

RWC = [(fresh weight – dry weight) + (turgid weight – dry weight)]            (1) 

Turgid weight was determined by placing samples in distilled water and maintaining them at 5° C 

in darkness until they reached a constant weight. Full turgor was typically reached after 12 hours. Dry 

weight was obtained after placing the samples in an oven at 70° C for 48 hours. Intrinsic water use 

efficiency (µmolmol-1) was determined as the ratio of net photosynthesis rate to stomatal conductance 

whereas instantaneous water use efficiency (µmolmmol-1) was determined as the ratio of net 

photosynthesis rate to transpiration (Petite et al., 2000). Leaf Area Ratio (cm2g-1 TDW) was calculated 

(Radford, 1967) by dividing the total leaf area by plant (total) dry weight per plant and expressed in cm2g-

1 whereas specific leaf area (cm2 g-1LDW) was calculated (Hunt, 1990) by dividing total leaf area by leaf 

dry weight per plant and the average value was expressed in cm2g-1. Root-shoot ratio was calculated as the 

ratio of the dry weight of root to the dry weight of the shoot. Plant Biomass was determined as the 

biomass of the shoot and root dried to constant weight in oven at 70±2° C. 

2.4 Leaves chemical constituents measurements 

Collected leaves samples were dried after washing several times with tap water, to constant weight 

at 70° C and then was digested in a mixture of sulphuric and perchloric acids according to Piper (1950) 

and the following determinations was carried out as percent of dry weight. Total nitrogen percentage (%) 

was determined using indophenols blue method according to Novozamsky et al. (1974). Phosphorus 

content was determined by spectrophotometry method according to Temminghoff and Houba (2004). 
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Potassium, calcium and sodium were determined by using Flame photometer according to Brown and 

Lilleland (1946). Chloride was estimated by titration method with silver nitrate according to Jackson 

(1958). Free proline concentration was measured calorimetrically using ninhydrin reagent according to 

Bates et al., 1973. Total chlorophyll content in leaves was determined using DMSO (Dimethyl 

sulphoxide) according to Hiscox and Israelstam (1979). 

2.5 Statistical analysis 

Statistical analysis was done according to the standard procedure (Panse and Shukhatme, 1967). 

Results were taken to be reported as significant or non-significant based on Least Significant Difference 

(LSD) test with significance level at P≤0.05. 

 

3. Results and Discussion 

3.1 Accession source  

Accession source of T. grandis are given in Table 1. A clear cut distinction in the performance of 

the accessions was observed when grown under limited water conditions (irrigation at 25% of field 

capacity); the percentage of survival recorded was 100 in 5 out of the 41 accessions (Table 2), while the 

rest showed very less survival percentage or failed to survive. Thus these 5 accessions were taken for 

further study. 

3.2 Vegetative characterization of T. grandis in response to drought stress 

Data presented in Table 3 indicated that the plant height was significantly and gradually decreased 

with decreasing irrigation water at 100% to 75%, 50% and 25% from field capacity. 

Irrigation at 25% from field capacity resulted in the lowest values in plant height with ASM-124 

followed by LUT-45. Increasing soil moisture stress by decreasing amount of available water of the soil 

led to a progressive significant reduction in plant height. The effect of stress may be attributed to the loss 

of turgor which affects the rate of cell expansion and ultimate cell size. Loss of turgor is probably the 

most sensitive processes to water stress. Consequently, water deficit decreased growth rate, stem 

elongation, leaf expansion and stomatal aperture. GKU-24 and GKU-37 recorded the highest significant 

values of plant height (20 and 13 cm respectively); on the other hand, ASM-124 recorded the lowest 

values (5 cm) when irrigated at 25% from field capacity (Table 3). Thus, it can be summarised that plant 

height was decreased by increasing the level of water stress. Leaves number/accession was significantly 

affected by water stress conditions in all studied teak accessions. The number of leaves decreased 

gradually with increasing water depletion up to 25 %. In general, in all studied accessions, which received 

normal (100%) or moderate irrigation (75%) produced the highest leaves number, while the lowest was 

produced when plants exposed to drought stresses (50% or 25%). However, under the same conditions of 

drought stresses, GKU-24 seem to be more tolerant to severe drought stress, resulted in more leaves 

number in comparison to other studied accessions. The obtained results are in agreement with those of 

earlier finding where the leaves number was decreased by increasing the level of drought stress (Gowda, 

1998; Abd El-Samed, 1995, Hassan, 1998 and Shaheen et al., 2011). The average leaf area was 

significantly decreased with increasing drought stresses (Table 3). The accessions which were irrigated 

with normal irrigation (100%) produced the highest leaf area, while the lowest was recorded when 

accessions were irrigated with 25% of the field capacity. However, LUT-45 produced the lowest leaf area 

when exposed to severe drought stress (25%), while the highest leaf area was obtained with BNU-10 

irrigated with normal irrigation (100%). Drought stress reduced plant growth by affecting various 

physiological and biochemical processes (Jaleel et al., 2008a,b; Farooq et al., 2008); also, it affects both 

elongation and expansion growth (Kusaka et al., 2005; Shao et al. 2008).  
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Table 1: Source detail of T. grandis and their geographical locations. 
Accession 

Code 
State Locality 

Latitude 

(N) 

Longitud

e (E) 

Altitude 

(m) 

Rain 

(mm) 

Temp (°C) 

min max 

BNU-10 Tripura Baramura 23.83 91.65   904.00 2,800 8.5 33.0 

BNU-11 Tripura Udaipur 23.31 91.31      24.68 2,100 12.0 35.0 

BNU-14 Tripura Agartala 23.50 91.25      12.80 2,240 10.0 35.0 

BNU-15 Tripura Kamalasagar 23.63 91.25 1,000.00 2,700 8.1 34.3 
GKU-20 Nagaland Tuli 26.44 94.65 1,325.00 2,330 9.3 28.0 

GKU-14 Nagaland Kohima 25.40 94.08 1,433.00 2,300 4.0 31.0 

GKU-16 Nagaland Namsa 26.78 94.77    897.64 1,644 5.3 25.5 

GKU-24 Nagaland Mokokchang 26.50 94.75 1,322.00 2,328 9.0 28.0 

GKU-37 Nagaland Wokha 26.09 94.25 1,313.69 2,293 9.0 25.0 

CHM-30 Mizoram Kolasib 24.13 92.40    660.54 2,860 7.0 32.0 

CHM-34 Mizoram Aizawl 23.36 93.00 1,132.00 3,000 11.0 30.0 

CHM-37 Mizoram Luntui 23.66 92.92    720.00 2,790 7.1 32.3 

LUT-39 Meghalaya Watrigithim 25.98 90.68 1,496.00 3,350 5.0 37.0 

LUT-40 Meghalaya Garo Hills 25.30 90.13    870.00 2,600 7.0 30.0 

LUT-45 Meghalaya West Khasi Hills 25.98 90.68 1,496.00 3,350 5.0 37.5 
IAG-16 Manipur Senapati 24.21 93.29 1,061.00 1,850 3.3 34.0 

IAG-52 Manipur Imphal 24.44 93.65    790.00 990 5.0 35.0 

IAG-37 Manipur Loktak 24.30 93.55   768.0 1,183 6.0 32.0 

IAG-64 Manipur Lamphelpet 24.44 93.65     790.00 2,027 3.2 34.5 

PUK-18 Arunachal Pradesh Domukh 27.09 93.43     210.00 2,680 8.0 35.0 

PUK-10 Arunachal Pradesh Itanagar 27.06 93.41     146.00 3,000 8.0 32.0 

PUK-87 Arunachal Pradesh Naharlagun 27.00 93.42    200.00 2,688 8.0 32.0 

PUK-67 Arunachal Pradesh Roing 28.05 95.89    300.00 2,800 5.0 29.0 

PUK-91 Arunachal Pradesh Balijan 27.03 93.40    210.00 2,683 8.0 35.1 

ASM-34 Assam Golaghat 26.75 94.25 188.00 1,952 9.3 39.8 

  ASM-105 Assam Dergaon 26.73 94.01 188.00 1,952 9.3 39.8 

  ASM-124 Assam Karbi Anglong 26.04 93.67 186.00 1,974 8.02 37.0 
ASM-16 Assam Sengeliati 26.45 97.30 126.70 1,872 8.8 38.9 

ASM-54 Assam Khakarpur 26.55 90.58 173.31 1,614 8.9 39.7 

ASM-29 Assam Titabor 26.64 94.20 192.00 1,993 9.0 38.2 

ASM-92 Assam Marigaon 26.15 92.20 189.00 1,973 10.0 38.3 

ASM-11 Assam Bongaigaon 26.15 90.34   53.00 3,500 12.9 31.7 

ASM-26 Assam Nagaon 26.45 92.41   69.00 1,745 10.0 35.0 

ASM-89 Assam Sonitpur 26.60 92.78   86.00 1,563 11.0 31.0 

ASM-6 Assam Dibrugarh 27.28 94.55 108.00 2,758 10.0 31.0 

ASM-69 Assam Dhubri 26.02 89.58   34.00 1,600 8.0 30.0 

ASM-84 Assam Lakhimpur 27.65 96.25   87.00 2,635 8.0 31.5 

ASM-46 Assam Sivasagar 27.00 94.36   97.00 2,504 7.0 29.0 
ASM-62 Assam Tezpur 26.37 92.47   79.00 1,600 7.0 36.0 

ASM-75 Assam Hajo 25.31 23.11   55.00 1,800 10.0 38.0 

ASM-51 Assam Jorhat 26.30 94.30 116.00 2,244 9.0 39.0 
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Table 2: Survival rate of T. grandis 
Accession 

Code 

Survival 

(%) 

Accession 

Code 

Survival 

(%) 

Accession 

Code 

Survival 

(%) 

BNU-10 100.00 LUT-45 100.00 ASM-75 5.55 

BNU-11 0.00   ASM-124 100.00 ASM-51 0.00 

BNU-14 22.22 ASM-16 0.00 IAG-16 0.00 

BNU-15 0.00 ASM-54 0.00 IAG-52 0.00 

GKU-20 10.00 ASM-29 0.00 IAG-37 14.44 

GKU-14 0.00 ASM-92 10.88 IAG-64 0.00 

GKU-16 0.00 ASM-11 0.00 PUK-18 0.00 

GKU-24 100.00 ASM-26 0.00 PUK-10 16.25 

GKU-37 100.00 ASM-89 0.00 PUK-87 0.00 

CHM-30 10.45 ASM-6 0.00 PUK-67 0.00 

CHM-34 0.00 ASM-69 16.44 PUK-91 0.00 

CHM-37 12.25 ASM-84 0.00 ASM-34 0.00 

LUT-39 0.00 ASM-46 0.00   ASM-105 0.00 

LUT-40 0.00 ASM-62 0.00   

3.3 Physiological characterisation of T. grandis L.f. in response to drought stress 

Transpiration is one of the major gas exchange related traits associated with plant growth and 

productivity. In tree species stomatal transpiration contributes more than 90% of total transpiration (Taiz 

and Zeiger, 2002).  Teak have been shown to precisely regulate transpiration rate via stomatal movements 

(Bolhar-Nordenkanpf, 1987) allowing this species to take advantage of favorable conditions through 

enhanced CO2 uptake (Fordyce et al., 1995), especially when exposed to significant seasonal fluctuations 

(Greenwood et al., 2003). The results in Table 4 showed that transpiration rate (E) was negatively affected 

by water stress and their decline under water stress was significantly higher in ASM-124 (1.51 mmolm-2s-

1) followed by LUT-45 and BNU-10 (1.63 and 1.68 mmolm-2s-1 respectively). Like transpiration rate (E), 

stomatal conductance (gs) was also negatively affected by water stress, which decreased significantly with 

increasing water stress (Table 4). GKU-24 and GKU-37 recorded the highest stomatal conductance (0.19 

molm-2s-1) when exposed to severe drought stress (25%), while ASM-124 recorded the lowest stomatal 

conductance (0.07 molm-2s-1) under similar condition. The results in Table 4 also showed that like E and 

gs the Net Photosynthetic rate (Pn) also decreased significantly with increasing drought treatments. The 

highest Pn was observed in GKU-24 (5.13 µmolm-2s-1) followed by GKU-37 (2.0 µmolm-2s-1) when 

exposed to severe drought (25%) whereas the lowest Pn was observed in ASM-124 (1.09 µmolm-2s-1) 

followed by BNU-10 (1.11 µmolm-2s-1). Reductions in the photosynthetic activity induced by drought 

were first triggered by stomatal closure, resulting in limitation of ambient CO2 diffusion to the mesophyll 

and thus reduction of photosynthesis. Leaf Relative Water Content (RWC) decreased significantly with 

increasing drought (Table 5). Irrigation at 25% from field capacity resulted in the lowest values in RWC 

with ASM-124 (39.68%) followed by LUT-45. GKU-37 and BNU-10 recorded the highest significant 

value of RWC (43.88 and 40.88%). Drought stress-induced decrease in RWC has been reported in many 

previous studies (Duan et al., 2005; Elsheery and Coa, 2008). Data presented in Table 5 indicated that the 

Intrinsic Water Use Efficiency and Instantaneous Water Use Efficiency decreased gradually with 

increasing water depletion up to 25%. However, at 25% from field capacity GKU-24 recorded the highest 

Intrinsic Water Use Efficiency (160.77 µmolmol-1) and also showed highest Instantaneous Water Use 

Efficiency (3.17 µmolmmol-1) followed by GKU-37 and in both, the lowest was recorded in ASM-124. 

The higher is the value; the better is the efficiency of the plant to divert water for photosynthesis than 

transpiration. Transpiration and photosynthesis are two major gas exchange parameters, which determine 

WUE of plants. 
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Table 3: Effect of water stress treatments on plant height, leaves numbers/accessions and leaves area. 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean. 

Table 4: Effect of water stress treatments on stomatal conductance (mol m-2 s-1), net photosynthetic rate 

(µmol m-2 s-1) and transpiration rate (mmol m-2 s-1). 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean. 

Table 5: Effect of water stress treatments on relative water content (%), intrinsic water use efficiency 

(µmol mol-1) and instantaneous water use efficiency (µmol mmol-1). 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean 

 

Accession 

Code 

Plant height(cm) Leaves numbers/accessions Leaf area (cm2) 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 20 18 13 13 15 12 10 9 4.7 3.9 3.3 3.0 

GKU-24 25 23 22 20 18 15 13 12 4.8 4.4 3.9 2.9 

LUT-45 13 13 10 9 13 9 9 8 4.3 3.1 3.1 2.5 

BNU-10 15 13 12 12 10 11 8 7 5.0 3.7 3.1 2.6 

ASM-124 9 8 7 5 11 9 6 3 3.5 3.3 3.3 3.0 

    

Mean 16 15 13 12 13 11 9 8 4.5 3.6 3.3 2.8 

SD 4.98 5.75 5.04 4.96 2.87 2.23 2.32 2.93 0.53 0.46 0.30 0.21 
CV 0.31 0.38 0.39 0.41 0.22 0.20 0.26 0.36 0.12 0.12 0.10 0.07 

SEM 2.22 2.56 2.25 2.21 1.28 0.99 1.03 1.31 0.24 0.20 0.13 0.10 

 LSD value at 0.05=1.88 LSD value at 0.05=1.49 LSD value at 0.05=0.55 (NS) 

Accession 
Code 

Stomatal conductance 
(mol m-2 s-1) 

Net photosynthetic rate 
(µmol m-2 s-1) 

Transpiration rate 
(mmol m-2 s-1) 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 0.28 0.24 0.19 0.19 8.0 5.64 3.32 2.0 2.03 1.88 1.83 1.78 

GKU-24 0.46 0.25 0.19 0.19 11.23 8.62 6.34 5.13 1.89 1.86 1.86 1.93 

LUT-45 0.09 0.16 0.19 0.14 6.35 2.32 2.13 1.12 1.86 1.83 1.73 1.63 

BNU-10 0.14 0.17 0.16 0.14 3.19 4.06 2.09 1.11 1.77 1.75 1.73 1.68 

ASM-124 0.07 0.11 0.07 0.07 4.16 2.06 1.02 1.09 1.80 1.53 1.51 1.51 

Mean 0.21 0.19 0.16 0.15 6.59 4.54 2.98 2.09 1.87 1.77 1.73 1.71 

SD 0.15 0.04 0.04 0.04 2.86 2.41 1.83 1.56 0.09 0.13 0.12 0.14 

CV 0.71 0.21 0.25 0.27 0.43 0.53 0.61 0.75 0.05 0.07 0.07 0.08 

SEM 0.07 0.02 0.02 0.02 1.27 1.07 0.82 0.70 0.04 0.06 0.05 0.06 

 LSD value at 0.05=0.09 LSD value at 0.05=1.35 LSD value at 0.05=0.09 

Accession 

Code 

Relative water content 

(%) 

Intrinsic water use efficiency 

(µmol mol-1) 

Instantaneous water use efficiency 

(µmol mmol-1) 
Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 70.34 67.75 51.17 43.88 358.10 116.54 115.94 114.92 8.17 5.26 3.76 2.90 

GKU-24 69.14 60.53 48.65 40.10 363.48 199.00 163.41 160.77 10.46 6.91 3.85 3.17 2.96 

UT-45 67.74 59.33 47.25 39.68 287.83 97.80 89.30 65.88 7.57 4.58 3.66 2.88 

BNU-10 66.54 57.93 46.05 40.88 281.48 52.96 52.09 51.58 7.44 4.21 3.65 2.01 

ASM-124 64.94 56.53 44.65 39.68 276.25 40.23 38.22 34.89 7.21 3.88 3.18 1.96 

Mean 61.74 60.41 47.55 40.84 313.42 101.31 91.79 85.61 8.17 4.97 3.62 2.58 

SD 1.90 3.90 2.24 1.58 38.88 56.31 45.09 46.10 1.19 1.07 0.23 0.05 

CV 0.03 0.06 0.05 0.04 0.12 0.55 0.50 0.54 0.15 0.21 0.06 0.19 

SEM 0.85 1.74 1.00 0.71 17.36 25.14 20.13 20.58 0.53 0.48 0.10 0.22 

 LSD value at 0.05=1.97 LSD value at 0.05=19.59 LSD value at 0.05=0.82 
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The water deficit did not significantly affect the leaf area ratio (LAR), however, specific leaf area 

(SLA) increased significantly in plants submitted to decreasing irrigation water at 25% in comparison to 

100% and those under 75% and 50% (Table 6). GKU-24 recorded the highest LAR and SLA when 

subjected to irrigated treatment under all conditions. The root: shoot ratio did not differ significantly 

between treatments. GKU-24 recorded the highest root: shoot ratio when subjected to irrigated treatment 

under all conditions (Table 6).  

Data presented in Table 7 indicated that biomass partitioning to leaves, shoot and root decreased 

gradually with increasing water depletion up to 25%. GKU-24 recorded the highest biomass partitioning 

to leaves, root and shoot when subjected to decreasing irrigated water at 25% (16.4%, 35.0% and 49.2% 

respectively). 

3.4 Chemical characterisation of T. grandis L.f. in response to drought stress 

Table 8 showed that an appreciable significant reduction in leaf N% due to increasing drought 

stress. The lowest nitrogen percentage was obtained at irrigation with 25% from field capacity in ASM-

124 (1.78%), while the highest was obtained with GKU-24 (2.20%). These results are in harmony with 

that reported by Moustafa (2002). The nitrogen status of a plant has a significant influence over its water 

relation, as nitrogen and water often interact. When the soil faces a prolonged period of drought, nitrogen 

mobility is severely restricted by the dehydrated soil. Thus, when a plant faces water deficit, nitrogen 

deficiency occurs (DaMatta et al., 2002), which rapidly inhibits plant growth. According to Bänziger et al. 

(2000), about 50% of all N in the leaf is directly involved in photosynthesis as either enzymes or 

chlorophyll. Thus, if the N supply is insufficient, photosynthesis is decreased by reducing the leaf area 

and photosynthesis rate as well as accelerating leaf senescence. The phosphorus content in leaves 

gradually decreased by decreasing water depletion from 100 to 25% from field capacity (Table 8).  Table 

6: Effect of water stress treatments on leaf area ratio (cm2g-1 TDW), specific leaf area (cm2g-1 LDW) and 

root: shoot ratio. 

Table 6: Effect of water stress treatments on leaf area ratio (cm2 g-1 TDW), specific leaf area (cm2 g-1 

LDW) and root:shoot ratio. 
Accession 

Code 

Leaf area ratio (cm2g-1 TDW*) Specific leaf area (cm2g-1 LDW**) Root: shoot ratio 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 100% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 80.30 86.30 74.83 82.73 284.16 317.30 272.91 451.28 0.72 0.64 0.60 0.65 

GKU-24 84.39 90.69 79.22 87.12 307.30 340.44 384.83 563.20 0.85 0.77 0.73 0.78 

LUT-45 75.93 82.23 70.76 78.66 282.91 316.05 360.44 539.11 0.70 0.62 0.58 0.63 

BNU-10 82.93 89.23 77.76 85.66 251.28 284.42 328.81 507.18 0.79 0.71 0.67 0.72 

ASM-124 72.11 78.41 66.94 74.84 267.83 300.97 345.36 523.73 0.68 0.60 0.56 0.61 

Mean 79.13 85.38 73.90 81.80 278.70 311.84 338.47 516.90 0.75 0.67 0.63 0.68 

SD 4.54 2.24 4.52 4.52 18.63 18.63 37.60 37.64 0.06 0.06 0.06 0.06 

CV 0.06 0.03 0.06 0.05 0.07 0.06 0.11 0.07 0.08 0.09 0.09 0.09 

SEM 2.03 1.00 2.01 2.01 16.80 8.32 16.78 16.80 0.02 0.02 0.02 0.02 

 LSD value at 0.05=0.09 LSD value at 0.05=31.36 LSD value at 0.05=0.0 (NS) 

TDW-Total Dry Matter Weight, **LDW-Leaf Dry Matter Weight 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean 
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Table 7: Effect of water stress treatments on biomass partitioning to shoot (%), biomass partitioning to 

root (%) and biomass partitioning to leaves (%). 

SD = Standard deviation; CV = coefficient of variance; SEM = Standard error of mean 

Table 8: Effect of water stress treatments on leaves nitrogen percentage, leaves phosphorus percentage 

and leaves potassium percentage. 

SD = Standard deviation; CV = coefficient of variance; SEM = Standard error of mean 

GKU-24 seemed to have more P content compared to the other accessions at irrigation with 25% 

from field capacity. The obtained results were in agreement with those obtained by Moustafa (2002) who 

concluded that the leaf P content increased as amount of applied water was increased in olive trees. A 

good supply of water is required for phosphate availability and absorption by plants. Phosphate ions move 

through soils primarily through diffusion and if the water content in the soil decreases, the radii of water-

filled pores decrease, tortuosity increases and P mobility decreases (Faye et al., 2006). Drought causes a 

reduction in P absorption and transport in plants. A decrease in available P forms and increase in occluded 

P in the soil reduces P uptake and consequently induces lower foliar P content (Sardans and Peñuela, 

2004). Data presented in Table 8 also indicated that potassium content in leaves was gradually decreased 

by decreasing water depletion from 100% to 25% from field capacity. In this regard, ASM-124 produced 

lower K (0.70%) content compared to the other accessions when irrigated at 25% from field capacity. 

These findings are generally in line with previous reports that the leaves of olive contained a lower 

content of K when these plants are grown under severe water stress (Gowda, 1998; Hassan, 1998). Water 

conditions in plants influence the K+ accumulation in leaves and interact with K+ nutritional status in 

some plant species (Restrepo-Diaz et al., 2008). The stomatal opening mechanism is governed by the K+ 

concentration (Mengel and Kirkby, 2001; Larcher, 2006; Taiz and Zeiger, 2006; Mengel, 2007). The 

 

Accession 

Code 

Biomass partitioning to shoot (%) Biomass partitioning to root (%) Biomass partitioning to leaves (%) 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 52.9 49.9 46.6 43.2 33.2 29.6 28.7 28.6 26.4 24.0 20.6 13.1 

GKU-24 58.9 55.9 52.6 49.2 33.0 36.0 35.1 35.0 29.7 27.3 23.9 16.4 

LUT-45 50.4 47.4 44.1 40.7 26.2 22.6 21.7 21.6 28.2 25.8 22.4 14.9 

BNU-10 56.0 53.0 49.7 46.3 33.0 29.4 28.5 28.4 24.3 21.9 18.5 11.0 

ASM-124 57.8 54.8 51.5 48.1 34.0 30.4 29.8 29.4 15.9 13.5 10.1 4.6 

Mean 55.2 52.2 48.9 45.5 31.9 29.6 28.8 28.6 25.0 22.5 19.1 12.0 

SD 3.14 3.14 3.14 3.14 2.86 4.26 4.27 4.26 4.82 4.84 4.85 4.12 

CV 0.05 0.06 0.06 0.06 0.09 0.14 0.14 0.15 0.19 0.21 0.25 0.34 

SEM 1.40 1.40 1.40 1.40 1.77 1.90 1.91 1.90 2.15 2.16 2.16 1.84 

 LSD value at 0.05=0.0 (NS) LSD value at 0.05=2.01 LSD value at 0.05=0.61 

 

Accession 

Code 

Leaf N% Leaf P% 

 

Leaf K% 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 2.30 2.15 2.10 2.05 0.37 0.30 0.30 0.26 1.10 1.00 0.93 0.92 

GKU-24 2.16 2.13 2.13 2.20 0.42 0.32 0.30 0.30 1.12 1.05 0.93 0.90 

LUT-45 2.13 2.10 2.00 1.90 0.27 0.27 0.20 0.20 0.93 0.82 0.75 0.73 

BNU-10 2.04 2.02 2.00 1.95 0.35 0.35 0.34 0.25 0.98 0.90 0.75 0.73 

ASM-124 2.07 1.80 1.78 1.78 0.40 0.33 0.25 0.15 0.77 0.70 0.73 0.70 
Mean 2.14 2.04 2.00 1.97 0.36 0.31 0.28 0.23 0.98 0.91 0.82 0.80 

SD 0.09 0.13 0.12 0.14 0.05 0.03 0.05 0.05 0.13 0.13 0.09 0.09 

CV 0.04 0.06 0.06 0.07 0.14 0.10 0.18 0.22 0.13 0.14 0.11 0.11 

SEM 0.04 0.06 0.05 0.06 0.02 0.01 0.02 0.02 0.06 0.06 0.04 0.04 

 LSD value at 0.05=0.09 LSD value at 0.05=0.05 LSD value at 0.05=0.05 
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opening and closure of K+ channels are of particular importance to guard cells and this action mechanism 

is controlled by the reception of red light, which induces stomatal opening (Mengel, 2007). Under mild 

water stress, plants tend to reduce the stomata aperture and when water stress becomes severe, the stomata 

generally close (Larcher, 2006). The effect of irrigation treatments on leaf Ca content was significant as 

shown in Table 9. Results indicated that leaf Ca content decreased by increasing drought stress. GKU-24 

recorded the highest significant value (0.20%) of leaf Ca content, while ASM-124 recorded the lowest 

significant value (0.11%) when irrigated at 25% from field capacity. These findings are in agreement with 

those obtained by Moustafa (2002) and Nomir (1994) where they concluded that leaf Ca content was 

increased as amount of applied water was increased. Analyzing the long-term effects of drought in a 

Mediterranean evergreen (Quercus ilex) forest, Sardans et al. (2008) concluded that drought tended to 

decrease Ca concentrations in the aboveground biomass and this effect was attributed to the reduction in 

transpiration flux. The Na content in leaves gradually decreased by decreasing water depletion from 100% 

to 25% from field capacity (Table 9). 

Table 9: Effect of water stress treatments on leaves sodium percentage, leaves chloride percentage and 

leaves calcium percentage. 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean 

However, the lowest Na content (0.05%) was produced when ASM-124 was exposed to severe 

drought stress (25%), while the highest (0.22%) when GKU-37 was exposed to moderate drought stress 

(75%) in comparison to the other accessions under the same drought conditions. These results go in 

parallel with those obtained by Nomir (1994) who illustrated that the decrease in soil moisture level 

decreased Na content in persimmon leaves. The Cl content in leaves gradually decreased by decreasing 

water depletion from 100 to 25 % from field capacity (Table 9). However, the highest Cl content (0.31%) 

was found when GKU-24 was exposed to moderate drought stress (75%), while the lowest (0.13%) when 

LUT-45 was exposed to 25% drought in comparison to the other accessions under the same drought 

conditions. These results were found to be in harmony with Nomir (1994) who illustrated that the 

reduction in soil moisture level caused decrease in concentrations of Cl content in persimmon leaves. 

Chloride ion is involved in the photolysis of water by photosystem. It is required for cell division in both 

leaves and roots, plays an important role in stomatal movement and has important functions in 

osmoregulation and the water relation.  

Data presented in Table 10 indicated that proline accumulation in teak plants increased gradually 

with increasing the level of drought stress up to 25% in case of GKU-24 and GKU-37. The highest 

proline accumulation was obtained with GKU-24 when subject under severe drought stress condition 

(25%) in comparison to normal irrigation and also to other drought stresses (50% and 75%). Under 

 

Accession 

Code 

Leaf Na percentage Leaf Cl percentage Leaf Ca percentage 

Irrigation treatments Irrigation treatments Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 0.22 0.22 0.20 0.14 0.35 0.22 0.25 0.20 0.30 0.25 0.23 0.20 

GKU-24 0.30 0.20 0.20 0.20 0.52 0.31 0.25 0.25 0.30 0.26 0.25 0.20 

LUT-45 0.23 0.15 0.14 0.13 0.23 0.17 0.13 0.13 0.24 0.20 0.18 0.12 

BNU-10 0.25 0.17 0.17 0.13 0.30 0.23 0.22 0.20 0.25 0.23 0.20 0.17 

ASM-124 0.20 0.12 0.10 0.05 0.34 0.30 0.25 0.25 0.23 0.20 0.16 0.11 

Mean 0.24 0.17 0.16 0.13 0.34 0.24 0.22 0.20 0.26 0.23 0.20 0.16 

SD 0.09 0.03 0.04 0.05 0.15 0.05 0.05 0.04 0.03 0.02 0.10 0.03 

CV 0.56 0.17 0.25 0.38 0.57 0.21 0.23 0.20 0.11 0.08 0.50 0.19 

SEM 0.04 0.01 0.07 0.02 0.06 0.02 0.02 0.02 0.01 0.01 0.04 0.01 

 LSD value at 0.05=0.05 LSD value at 0.05=0.09 LSD value at 0.05=0.01 
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drought conditions, the accumulations of proline seemed to be associated with drought tolerance in many 

plant species (Liu et al., 2011). Proline accumulation may play a role in minimising the damage caused by 

dehydration (Mohammadkhani and Heidari, 2008). 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 ROS and their derivatives (Hong et al., 2000; Bashir et 

al., 2007) and as a source for carbon and nitrogen (Peng et al., 1996), and thereby helping the plants to 

tolerate stress effects (Manivannan et al., 2007). The results in Table 10 also showed that chlorophyll 

content was affected by drought conditions. GKU-24 recorded the highest significant value (0.70), while 

LUT-45 and ASM-124 recorded the lowest values (0.57 and 0.58 respectively) under severe drought 

stress condition (25%). Similar results are in agreement with those obtained by Liu et al. 2011; Ghaderi 

and Siosemardeh 2011; Dias and Bruggemann 2010; who found that chlorophyll was decreased with 

increasing water stress. The decrease in chlorophyll content has been considered to be a typical symptom 

of oxidative stress and may be the result of pigment photo-oxidation, chlorophyll degradation and/or 

chlorophyll synthesis deficiency (Smirnoff, 1993). Munne-Bosch and Alegre 2000; Galmes et al. 2007; 

Elsheery and Cao 2008 explained this phenomenon as a photoprotection mechanism through reducing 

light absorbance by decreasing pigments content. 

Table 10: Effect of drought treatments on leaf proline (mg/g fresh weight) content and total chlorophyll 

content. 

Accession 

Code 

Leaf proline 

(mg/g fresh weight) content 
Total chlorophyll content 

Irrigation treatment Irrigation treatments 

100% 75% 50% 25% 100% 75% 50% 25% 

GKU-37 0.015 0.016 0.020 0.026 0.67 0.67 0.65 0.64 

GKU-24 0.016 0.023 0.024 0.033 0.75 0.71 0.71 0.70 

LUT-45 0.014 0.016 0.017 0.018 0.70 0.64 0.60 0.58 

BNU-10 0.012 0.014 0.017 0.021 0.68 0.66 0.65 0.57 

ASM-124 0.012 0.015 0.018 0.023 0.66 0.66 0.61 0.60 

Mean 0.013 0.016 0.019 0.024 0.69 0.67 0.64 0.62 

SD 0.003 0.003 0.002 0.007 0.03 0.02 0.04 0.05 

CV 0.143 0.143 0.105 0.318 0.04 0.03 0.06 0.08 

SEM 0.001 0.001 0.001 0.004 0.01 0.01 0.02 0.02 

 LSD value at 0.05=0.01 LSD value at 0.05=0.03 

SD=Standard deviation; CV=coefficient of variance; SEM=Standard error of mean 

 

4. Conclusion 

Limited availability of water is the major contributor to the forest decline and thus has significant 

effect on global forest cover (Bigler et al., 2006; van Mantgem et al., 2009; Allen et al., 2010). However, 

like other crop plant species, tree species also developed strategies to cope with limited water supply. 

Understanding these strategies including physiological and biochemical responses is vital to meet the 

challenges imposed by the global climate change phenomena including drought. Decreasing the irrigation 

water, decreased the plant height, leaves number/accessions, leaf area, leaf content of N, P, K, Ca, Na and 

Cl. Accumulation of proline was also significantly affected by drought stress condition, which increased 

with increasing water deficit. Similarly, the transpiration rate, stomatal conductance, net photosynthetic 

rate, relative water content, intrinsic and instantaneous water use efficiency, plant biomass and 

chlorophyll content were also significantly affected by drought stress condition. Water deficit did not 

significantly affect the leaf area ratio however, the specific leaf area increased significantly in plants 

submitted to decreasing irrigation water. Root: shoot ratio also did not differ significantly due to water 

deficit. GKU-24, GKU-37 and BNU-10 were found to be more tolerant to drought stress compared to the 
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other studied accessions. ASM-124 and LUT-45 showed more sensitivity towards drought and affected 

mostly by drought and the vegetative, physiological and chemical characteristics of accessions were found 

to be lower as compared to the other accessions. GKU-24 was found to be the highest tolerance against 

drought followed by GKU-37 and BNU-10. These sources can safely be used for large-scale reforestation 

programmes in the region. Germplasm used in afforestation programmes in India and other countries, 

generally utilizes only locally available material. Thus opportunities for using materials with high drought 

tolerance potential or with more desirable characteristics might have been missed. This work will 

facilitate selection of promising sources for multi-location evaluation and will also hasten the process of 

utilisation of germplasm. It further gives a direction to the effect and practice studies for genetic 

improvement of this species. 
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