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The study was conducted in the month of August, 2023 at the College of Forestry, Kerala Agricultural University, Kerala, 
India to identify the peak drought stress period and optimize phenotyping techniques for drought tolerance screening in teak 

seedlings under tropical humid conditions. The experiment subjected eight-month-old vegetatively propagated teak seedlings to 
controlled drought conditions over 20 days. Morpho-physiological parameters such as number of leaves, relative water content 
(RWC), photosynthetic rate, stomatal conductance, transpiration rate, and chlorophyll fluorescence were monitored bi-daily. 
The results revealed that the 9th and 10th days after withholding irrigation marked the maximum drought stress period, with 
significant reductions in photosynthesis (0.372 mole CO2 m

-2 s-1), stomatal conductance, and RWC (51.14%). Biochemical 
analysis showed increased levels of proline, glycine betaine, and total soluble sugars, confirming stress adaptation. Upon rewatering, 
partial recovery was observed in physiological traits, while biochemical markers indicated ongoing stress response adjustments. 
Correlation and regression analyses highlighted strong interrelations between photosynthesis and traits such as stomatal 
conductance, RWC, and chlorophyll fluorescence. The findings were revalidated through repeated trials, confirming the 10th 
day as the optimal time for drought phenotyping in teak seedlings in given condition. This study enhances our understanding 
of teak’s drought response and offers critical insights for breeding programs and sustainable plantation management strategies.
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1.   INTRODUCTION

Plants being immobile, are constantly exposed to a wide 
range of environmental challenges throughout their life 

cycle from germination to maturity, adapting to disturbances 
by modifying their physiological and metabolic processes 
as well as their genetic structures. These challenges, both 
abiotic (such as drought, salinity, temperature extremes, and 
pollution) and biotic (like pests and pathogens), adversely 
affected their growth, development, and survival. In response 
to these challenges, plants have evolved a diverse array of 
strategies to cope with and adapt to their surroundings. 
These adaptations are evident not only in their physiology 
and metabolism but also in the alterations of their genetic 
makeup, enabling them to enhance their resilience and 
maintain productivity under stress (Hernandez et al., 2021). 
One of the promising approaches in modern plant science is 
the exploitation of these natural adaptive traits for improving 
stress tolerance through targeted breeding programs. 
Incorporating these physiological and molecular traits into 
crop improvement programs can bridge key research gaps 
and significantly improve agricultural productivity, especially 
under the increasing threat of climate change (Harfouche 
et al., 2014; Zhou et al., 2019).

Trees, as long-lived organisms and key components of 
terrestrial ecosystems, provide a compelling model to study 
stress responses. Trees like teak (Tectona grandis L.f.) have 
evolved various strategies to endure extreme conditions 
such as prolonged drought, intense heat, cold temperatures, 
salinity, and air or soil pollution. During drought conditions, 
plants exhibit several physiological and biochemical 
responses. These include stomatal closure to reduce water 
loss through transpiration, reduction of leaf area to limit 
exposure, accumulation of compatible solutes like proline 
and glycine betaine, and modifications in cell wall elasticity 
to preserve structural integrity and water relations (Brunner 
et al., 2015; Zulfiqar et al., 2022; Preciado-Rangel et al., 
2019; Coleman et al., 2021). The severity, duration, and 
frequency of stress are critical factors influencing how a 
plant responds. Chronic exposure to stress can stunt growth, 
reduce productivity, and impair reproductive development 
(Minocha et al., 2014; Galeano et al., 2019). Therefore, 
a thorough understanding of stress severity and duration 
is vital for screening plant genotypes for stress tolerance. 
Identifying tolerant genotypes can help develop superior 
varieties that are better equipped to withstand harsh 
environmental conditions, thereby enhancing sustainability 
in forestry and agriculture.

In this context, the current study is designed to investigate 
drought stress tolerance in teak, a tropical hardwood 
species widely prized for its high-quality timber (Moya 
et al., 2014). Despite its commercial importance, teak is 

vulnerable to environmental stresses, particularly heat and 
drought during its early developmental stages, such as in 
nursery and initial field establishment phases (Sinacore et 
al., 2019). These stresses not only affect its physiological 
health but also impact long-term productivity. To address 
this challenge, the study focuses on evaluating the drought 
tolerance of teak accessions by determining the maximum 
duration of stress they can endure. It emphasizes identifying 
optimal phenotyping methods to screen genotypes 
effectively. Physiological, morphological, and biochemical 
indicators such as leaf wilting, stomatal conductance, 
PSII photochemical efficiency, respiration rate, and water 
use efficiency were assessed to gain a comprehensive 
understanding of the plant’s drought status. Additionally, 
intrinsic water relations and chlorophyll fluorescence 
were used to evaluate photosynthetic efficiency and 
membrane stability under stress. The insights from this 
study are expected to provide valuable guidance for teak 
breeding programs aimed at improving drought tolerance. 
By understanding the stress-response mechanisms at a 
deeper level, this research can contribute to more targeted 
selection strategies and support sustainable teak plantation 
management in the face of changing environmental 
conditions (Vishnu et al., 2022).

2.   MATERIALS AND METHODS

2.1.  Study location

The study was conducted at the College of Forestry, Kerala 
Agricultural University, Kerala, India (10°32'N, 76°26'E)  
from 6th August 2023 to 26th August 2023. The location 
experiences a warm, humid climate with an average annual 
rainfall of about 2100 to 2500 mm. The average temperature 
ranges from 24.4°C to 42.8°C with a relative humidity of 
80% to 100%. The daily weather data during the study 
period was collected from the Weather Station, College 
of Agriculture, Vellanikkara, and is mentioned in Table 1. 
During the experiment, soil moisture content of soil from 
plant pots was determined gravimetrically to understand 
the field capacity at which drought symptoms began. The 
study aimed to develop and optimize phenotyping methods 
for drought screening in teak species within tropical humid 
regions by assessing photosynthetic activity. The peak 
sensitivity period was identified using morpho-physiological 
parameters, and biochemical analysis was employed to 
confirm the adaptation of teak seedlings, ensuring their 
survival through recovery.

2.2.  Experimental setup

The eight-month-old plants were used for the drought 
screening. Plants were produced vegetatively and maintained 
in the forest nursery, College of Forestry, Vellanikkara, 
Thrissur (Ashwath et al., 2023). The experiment was 
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done with a completely randomised design having five 
replications. The plants were irrigated to the field level one 
day before the beginning of the experiment and plants were 
observed for the dynamics in all the observations mentioned. 
Based on the soil moisture content, the maximum stress 
level was defined by morpho-physiological parameters 
(Muthulakshmi et al., 2023). 

2.3.  Observations and data collection

Morphological and photosynthetic observations were 
recorded every two days, starting from normal conditions 
to the maximum wilting stage and continuing until full 
recovery, while repeating the experiment for confirmation. 
The number of leaves was recorded throughout the study 
period. Irrigation was applied based on the maximum 
reduction in leaf foliage by considering maximum 
water stress. The physiological traits of plants, such 
as photosynthetic Rate (μmol CO2m

-2s-1), Stomatal 
Conductance (mmol H2Om-2s-1), Relative water content 
(%), and Chlorophyll fluorescence (Fv/Fm), were recorded 
at a two-day interval to know the photosynthetic dynamics 
throughout the study period. The photosynthetic rate (Pn) 
and Stomatal Conductance (Gs) were measured for the 
third leaf from the tip using an IRGA (LI6400 portable 
photosynthetic system) between 9:00 AM to 11:00 AM, 
providing a photosynthetic photon flux density of 1000μmol 
m-2 s-1. The leaf chamber air humidity was maintained at 
60%, 370–380μmol mol−1 CO2 concentration, 26–28°C air 
temperature, and 500μmol s−1 flow rate. The RWC was 
estimated using the Barrs method (1968). The RWC was 
then calculated using the formula; 

RWC (%) =                         ×100
FW – DW

TW – DW

Chlorophyll fluorescence measurements were performed 
from 9:00 to 11:00 AM with the help of a portable 

Hansatech Plant Efficiency Analyser (Hansatech, King’s 
Lynn, England). This Plant Efficiency Analyser (PEA) has 
a sensor head that helps illuminate leaves, detect resulting 
fluorescent signals, and measure them using a control box. 
The leaves of each accession were pre-darkened with leaf 
clips for 45 min before measurement. After this, the sensor 
head was gently placed over the clip, and the leaf was 
exposed for illumination by sliding the shutter plate, and 
fluorescence was recorded. Fluorescence was excited by red 
(actinic) radiation with 650nm peak wavelength obtained 
from light-emitting diodes. The irradiance used was 2000 
µmol m-2s-1. The maximum quantum yield of PSII was 
estimated by the ratio Fv/Fm=(Fm–Fo)/Fm (Genty et al., 
1989).

2.4.  Revalidation of maximum stress

After knowing the days taken for maximum wilting and 
reduction in photosynthetic activity, the experiment was 
repeated to validate the maximum stress period for teak 
in the tropical humid conditions as discussed earlier. The 
plants underwent three different stages: Normal (before 
withholding water), Drought (after the 10th day of stopping 
irrigation), and Regain (after 5 days of reirrigation). All the 
physiological parameters and important biochemical traits 
were assessed for the current experiment. In all three water-
stress conditions, healthy third or fourth-order leaves from 
the tip were collected and used for the assay. The important 
biochemical parameters related to osmoregulation and 
reactive oxygen species, namely, Proline (μg g-1), Glycine 
betaine (μmol g-1), Malondialdehyde (nmol g-1), Total 
soluble sugar (μg g-1), Total soluble protein content (μg 
g-1), and total chlorophyll content (mg g 1), were probed 
to understand the response of teak seedlings to water-
stress conditions. Proline was determined using the acid 
ninhydrin reagent (Bates et al., 1973). The glycine betaine 

Table 1: Weather data of the study area during drought screening at two-day intervals

Sl. 
No.

Date Temperature (°C) Soil Temp. RH Rainfall Soil moisture (potting mixture)

Max. Min. (°C) (%) (mm) (%)

1. 06-08-2023 32.40 24.50 27.80 78.00 0.10 25.12

2. 08-08-2023 32.50 25.00 28.30 79.50 0.00 16.63

3. 10-08-2023 32.90 25.20 28.10 77.00 0.00 13.76

4. 12-08-2023 32.60 25.50 29.00 76.00 0.40 12.49

5. 14-08-2023 32.50 24.20 28.10 77.50 0.00 08.95

6. 16-08-2023 32.50 23.00 27.20 75.00 0.00 07.80

7. 18-08-2023 32.60 24.50 28.30 80.50 0.00 24.58

8. 20-08-2023 30.90 23.40 26.90 80.50 2.00 28.45

9. 22-08-2023 33.00 25.00 28.50 75.00 0.00 22.34

10. 24-08-2023 34.00 24.00 28.20 76.00 0.00 24.12
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was estimated using Grieve and Gratten's (1983) method. 
The anthrone method determined Total soluble sugar 
(Hedge and Hofreiter 1962). Protein content was assayed 
following Lowry's method (Lowry et al., 1951) with a 
standard curve prepared using bovine serum albumin. The 
total chlorophyll content was estimated with the help of 
Hiscox and Israelstam's (1979) method using DMSO 
(Dimethyl sulphoxide).

2.5.  Statistical analysis

The series of data on morpho-physiological metrics collected 
during the experiment period were averaged, and the peak 
stress period was identified through a straightforward 
comparison. Correlation and regression analyses were 
conducted using R-Studio and KAU_GRAPES. The 
revalidation of the peak stress period was analyzed using 
one-way ANOVA principles in R Studio. 

3.   RESULTS AND DISCUSSION

3.1.  Assessment of maximum water-stress in teak seedlings

The results revealed distinct variations in physiological 
adaptation in response to water-stress conditions. These 
results offer valuable insights into how plants respond to 
drought stress and subsequent recovery conditions, providing 
a foundation for understanding the underlying mechanisms 
and potential strategies for enhancing plant resilience in 
challenging environments. The data collected at two-day 
intervals following stress induction are presented in Figure 

1. The sensitive range of the plants was determined based 
on the trends observed in various parameters, as illustrated 
in the graphs. It was found that after the 10th day of water-
limited conditions at the polyhouse stage, the plants could 
not survive due to the disruption of their intrinsic activities.

As a morphological indicator, it was observed that on the 
5th interval (10 days after stress induction), a significant 
number of leaves withered, and a sudden loss was recorded. 
Starting with 11.4 leaves, the water-limited conditions 
triggered an immediate drought escape mechanism, causing 
the plants to shed leaves. As the drought period progressed, 
there was a rapid foliage loss to reduce transpiration and 
minimize moisture loss. Based on this observation, it is 
concluded that the 9th and 10th days of withholding water 
represent the maximum stress period for teak seedlings in 
tropical humid conditions. Even after irrigating the plants 
on the 6th interval, foliage development and the production 
of new leaves took time to recover. Figure 1 illustrates 
that the plants undergo significant water-stress by the 5th 

interval, marked by the lowest relative water content. The 
recovery phase begins after the6th day interval of irrigation, 
indicating that the plants can regain water content over the 
subsequent days, particularly peaking at day 9. This data 
can help identify critical periods for water management in 
teak seedlings. The relative water content starts at 75.26%. 
There is a gradual decrease in relative water content until 
the 5th interval, where it reaches its lowest point at 51.14%. 
From 6th interval onward, the relative water content increases 
again as reirrigated, peaking at 76.98% on 9th interval. The 

Figure 1: Continue...
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Figure 1: Graphs showing changes in morpho-physiological indices from normal to drought period and regain condition 
(Number of leaves, RWC, Photosynthesis, Transpiration, Stomatal conductance, Transpiration, Chlorophyll fluorescence). 
The boxed portion shows the maximum drought period and peak reduction in the studied characters

10th day is highlighted, indicating a critical period where 
the relative water content is at its lowest.

A useful tool for assessing the health of plants and the 
effectiveness of the photosynthetic machinery is chlorophyll 
fluorescence. Fluorescence patterns frequently alter in 
stressed plants. Because of this, chlorophyll fluorescence is a 
helpful non-invasive method for identifying stress in plants. 
Chlorophyll fluorescence levels were relatively high and 
stable during the initial days until plants underwent stress 
effects. On the 1st interval, the chlorophyll fluorescence was 
0.818. The values slightly decrease to 0.807 on the 2nd and 
0.795 on the 3rd interval. Further, the values decreased to 
0.581 in the 5th interval indicating maximum damage and 
high stress level. On reirrigating the plants, starting from 
interval 8th, the chlorophyll fluorescence begins to recover, 
with values of 0.763 on 8th, 0.812 on 9th, and 0.807 on 10th 
interval.

A significant drop in the photosynthetic rate was observed 
during stress induction. On the 1st interval of the normal 
stage, the photosynthesis rate is at its highest, with a value 
of 5.697 μmol CO2m

-2 s-1. The rate decreased to 3.850 
μmol CO2m

-2 s-1 on 2nd day interval and continues to 
decline over the subsequent days. On days 5th, 6th, and 7th 
intervals, the photosynthesis rate is significantly low, with 
values of 0.372 μmol CO2m

-2 s-1, 0.221 μmol CO2m
-2 s-1, 

and 0.827 μmol CO2m
-2 s-1, respectively. This period is 

highlighted, indicating a critical low phase. Starting from 
8th day interval after the reirrigation, the photosynthesis rate 
begins to recover, with a value of 1.890 μmol CO2m

-2 s-1. 
The rate further increases to 3.850 μmol CO2m

-2 s-1 on the 
9th and reaches 4.030 μmol CO2m

-2 s-1 on the 10th interval, 
indicating recovery of plants at that particular region. 
Stomatal conductance was maximum on the normal stage 
of irrigation, indicating proper functioning of plants. The 
stomatal conductance rate was 0.0506 mmol H2Om-2 s-1 at 
the 1st interval of the study, which increased to 0.0620 mmol 
H2Om-2 s-1 on the 2nd interval, as increase in loss of water 
to keep the canopy cool. The conductance rate decreased 
over the next days, dropping to 0.0177 mmol H2Om-2 s-1 
on the 3rd and further to 0.0057 mmol H2Om-2 s-1 on 4th. 
On the 5th and 6th intervals, the stomatal conductance is 
significantly low, marked by values of -0.0017 mmol H2Om-

2 s-1, and 0.0004 mmol H2Om-2 s-1, respectively. This period 
is highlighted as indicating a critical low phase. Starting 
from the 8th interval, the stomatal conductance begins to 
recover, with values of 0.0109 mmol H2Om-2 s-1 on the 8th 

interval and 0.0103 mmol H2Om-2 s-1 on the 9th interval and 
further increased to 0.0357 mmol H2Om-2 s-1.

The transpiration rate during the drought stress decreased 
from normal to drought period. In the initial days of the 
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study, the transpiration rate was 0.878 mmol H2Om-2 s-1 
and the rate increased to its peak at 1.178 mmol H2Om-2 
s-1 on 2nd interval. The rate decreases over the next days, 
dropping to 0.308mmol H2Om-2 s-1 on 3rd interval and 
further to 0.133 mmol H2Om-2 s-1 on 4th interval. On 5th, 
6th, and 7th intervals, the transpiration rate is significantly 
low, marked by values of -0.044 mmol H2Om-2 s-1, 0.016 
mmol H2Om-2 s-1, and 0.134 mmol H2Om-2 s-1, respectively. 
This period was a critical low phase. Starting from the 8th 
interval, the transpiration rate begins to recover, with values 
of 0.256 mmol H2Om-2 s-1 on the 8th interval and 0.458 
mmol H2Om-2 s-1 on the 9th day. The rate further increased 

rate (Hussain et al., 2018). The photosynthetic rate for 
CO2 uptake depends on stomatal conductance (Niinemets, 
2016). Plants lower their transpiration rate and stomatal 
conductance to preserve water under drought stress. 
Because of the restricted CO2 uptake causes a drop in the 
photosynthetic rate. This modification minimizes water 
loss for the plant but at the expense of less photosynthesis 
(Wang et al., 2022). A decrease in transpiration rate aids in 
the plant's ability to retain its relative water content, avoiding 
excessive water loss and dehydration. 

The number of leaves had a positive correlation with 
photosynthesis (0.58), fluorescence (0.52), stomatal 
conductance (0.80), and transpiration (0.72). Chlorophyll 
fluorescence had a positive correlation with all the parameters 
as it indicates the health status of plants, which is also related 
to photosynthetic activity. For photosynthesis, chlorophyll is 
necessary because it uses light energy to transform CO2 into 
sugars. Chloroplast damage brought on by drought stress 
can result in a drop in chlorophyll content. This decrease 
in the plant's capacity to absorb light energy and perform 
photosynthesis effectively directly affects photosynthesis. 

The number of leaves had a positive correlation with 
photosynthesis (0.58), fluorescence (0.52), stomatal 
conductance (0.80), and transpiration (0.72). Chlorophyll 
fluorescence had a positive correlation with all the parameters 
as it indicates the health status of plants, which is also related 
to photosynthetic activity. For photosynthesis, chlorophyll is 
necessary because it uses light energy to transform CO2 into 
sugars. Chloroplast damage brought on by drought stress 
can result in a drop in chlorophyll content. This decrease 
in the plant's capacity to absorb light energy and perform 
photosynthesis effectively directly affects photosynthesis. 

3.3.  Multiple linear regression for photosynthesis and health 
traits 

Photosynthesis being a prime important intrinsic activity, 
regression was done to determine the strength and direction 
of association. The regression between photosynthesis and 
transpiration suggests that as photosynthesis increases, 
transpiration tends to increase, and the regression 
model explains approximately 74.7% of the variation 
in photosynthesis. Similarly, chlorophyll fluorescence 
and photosynthesis had a positive association of 0.7042. 
Stomatal conductance and relative water content explain 
68.66 and 66.12% of photosynthetic dynamics, respectively.  
On the other hand, the r2 value of 0.3381 and 0.3338 
indicates a weak to moderate linear relationship with the 
proportion of variance in photosynthesis that is predictable 
from soil moisture and the number of leaves, respectively. 
This indicates that the stomatal conductance, transpiration 
rate, relative water content, and chlorophyll fluorescence 
highly affect photosynthesis.

Figure 2: Correlogram showing the relationship between 
morpho-physiology traits of teak accessions during drought 
screening  

to 0.565 mmol H2Om-2 s-1 on the 10th interval.

3.2.  Relation between morpho-physiological parameters

Correlation between soil moisture content and plant 
morpho-physiology is shown in the correlogram (Figure 
2). The soil moisture had a weak positive correlation 
with the parameter, as it is a main component driving the 
plant health. Only under optimal soil moisture can plants 
survive and support growth and development. The strong 
positive correlation between photosynthesis and stomatal 
conductance, fluorescence, RWC, and transpiration is 
consistent with the plant's efforts to maintain photosynthetic 
activity and mitigate the effects of drought stress on cellular 
function. The exchange of gases (CO2 and O2) and water 
vapour through stomata is a common factor among 
photosynthetic rate, stomatal conductance, and transpiration 
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(4.834 mg g-1), which was higher compared to normal 
conditions (3.242 mg g-1). Biochemical traits indicated 
significant changes in response to water stress. Proline 
levels increased during drought (4.132 μg g-1) compared 
to normal (2.091 μg g-1), indicating osmotic adjustment, 
with a partial decrease in the regain phase (1.221 μg g-1). 
Glycine betaine also exhibited a similar trend; it increased 
to 17.285 μmol g-1 under drought conditions compared to 
normal (4.750 μmol g-1) and regained (10.185 μmol g-1). 
There were no significant differences in malondialdehyde 
levels and superoxide dismutase activity. Total soluble sugar 
content increased significantly during drought (382.283 μg 
g-1), whereas the regain phase showed a decrease (308.570 
μg g-1) but remained higher than normal (285.867 μg g-1). 
Drought conditions lead to an increase in the soluble protein 
levels (1074.20 μg g-1), followed by regain (1018.40 μg g-1) 
and normal conditions (378.20 μg g-1). 

These results collectively suggest that drought conditions 
negatively impact various physiological parameters of the 
plants, including photosynthesis, stomatal conductance, 
and PSII. Regain conditions show intermediate values, 
indicating partial recovery compared to drought but not 
reaching the levels observed under normal conditions. 

The results reveal distinct variations in physiological 
adaptation in response to water-stress conditions in teak 
seedlings. These findings provide valuable insights into how 
plants respond to drought stress and subsequent recovery, 
laying the groundwork for understanding the underlying 
mechanisms and potential strategies for enhancing plant 
resilience in challenging environments. Research has 
shown that teak plants respond to water-stress by reducing 
their evaporative surfaces, limiting CO2 availability, and 
decreasing stomatal conductance, which leads to a lower 

3.4.  Re-validating the peak stress level

Based on these results, it was found that the maximum stress 
effect on teak plants occurred on the 10th and 11th days (5th 

interval) after irrigation was stopped. Therefore, teak plants 
in the nursery can be evaluated for water-stress on the 10th 
and 11th days after watering is stopped. To revalidate the 
maximum drought period, the experiment was repeated in 
three stages: normal conditions, maximum water-stress (on 
the tenth day after stopping irrigation), and the recovery 
period (on the tenth day after reirrigation began) (Table 2). 
After 10 days of withholding irrigation, most of the plants 
showed wilting symptoms. following this stage, the plants 
were reirrigated to bring them to normal condition. 

The number of leaves varied among the conditions. The 
number of leaves significantly decreased from 9.87 in normal 
conditions to 4.73 under drought, suggesting a possible 
resource allocation strategy. Concurrently, the photosynthetic 
rate (4.33 to 2.08 μmol CO2m

-2 s-1), stomatal conductance 
(0.08 to 0.01 mmol H2Om-2 s-1), and transpiration rate 
(1.058 to 0.154 mmol H2Om-2 s-1) showed significant 
reductions. The regain phase showed improvements in 
photosynthetic rate (3.466 μmol CO2m

-2 s-1), stomatal 
conductance (0.037 mmol H2Om-2 s-1), and transpiration 
rate (0.719 mmol H2Om-2 s-1), but does not fully recover to 
normal levels. Relative water content decreased significantly 
during drought (57.96%), indicating lowered plant water 
potential. The regain phase shows a full recovery (76.42%), 
comparable to normal (74.13%). Chlorophyll fluorescence 
(Fv/Fm) decreased significantly during drought (0.609) but 
showed improvement in the regain phase (0.806), suggesting 
a recovery of photosynthetic efficiency. 

Chlorophyll content decreased during drought (2.857 
mg g-1) but exhibited a full recovery in the regain phase 

Table 2: Variation in morpho-physiological and biochemical traits during repeated confirmation drought periods 

Parameters Normal Drought Regain p-value 

Number of leaves 09.87a 04.73b 02.57c <0.0001

Photosynthetic Rate (μmol CO2m
-2 s-1) 04.33a 02.08c 03.47b <0.0002

Stomatal Conductance (mmol H2Om-2 s-1) 00.08a 00.01c 00.04b <0.0003

Transpiration Rate (mmol H2Om-2 s-1) 01.06a 00.15c 00.72b <0.0004

Relative water content (%) 74.13a 57.96b 76.42a 0.0004

Chlorophyll fluorescence (Fv/Fm) 00.77a 00.61b 00.81a 0.0003

Chlorophyll content (mg g-1) 03.24b 02.86b 04.83a <0.0001

Proline (μg g-1) 02.09b 04.13a 01.22b <0.0001

Glycine betaine (μmol g-1) 04.75c 17.29a 10.19b <0.0001

Malondialdehyde (nmol g-1) 12.63 14.90 12.88 NS

Total soluble sugar (μg g-1)  285.86b 382.28a 308.57b 0.0130

Total soluble protein content (μg g-1) 378.20b 1074.20a 1018.40a <0.0001
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rate of carbon fixation (Husen 2010; Borah et al., 2019; 
Hassan et al., 2021).

As a morphological indicator, the water-limited conditions 
triggered an immediate drought escape mechanism, causing 
the plants to shed leaves (Plate). Plants undergo leaf rolling, 
drop-off of the leaf, reduce leaf area, change leaf orientation, 
etc., to cope with stress conditions (Seleiman et al., 2021). 
As the drought progressed, there was a rapid foliage loss 
to reduce transpiration and minimize moisture loss. Leaf 
retention is a primary indicator of how well a plant maintains 
its leaf cover under stress conditions and continues to remain 
or maintain normal cellular activity (Xiao et al., 2009; Zoghi 
et al., 2019; Husen 2010). Sneha et al., (2012) revealed 

that water-limiting conditions for long-term periods have 
reduced foliage with maximum biomass allocation towards 
roots. Further, the functional balance of the plant was 
affected by altering the shoot and root growth and its ratio. 
The relative water content determines the water condition 
of plant cells. It indicates the turgor pressure and degree 
of hydration of the plant. The relative water content falls 
as water is lost during drought stress (Anjum et al., 2011). 
A decrease in RWC can result in wilting and decreased 
cell turgor. It is an early indicator of drought stress. Under 
normal circumstances, plants retain a high relative water 
content signalling that they are hydrated (Guo et al., 2010). 
When a plant is under drought stress, its relative water 
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Figure 3: Relationships between photosynthesis and (a) soil moisture content, (b) number of leaves, (c) stomatal conductance, 
(d) transpiration rate, (e) relative water content and (f ) Chlorophyll fluorescence. The red line represents the regression line 
and the shaded regions represent the 95% confidence levels for prediction 
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content drastically drops as it loses water (Elsheery and Coa 
2008). Depending on the severity of the drought, relative 
water content can recover as the plant regains hydration. 
Husen (2010) reported a reduction of about 50% in RWC 
under water-stress conditions.

The initial high photosynthesis rate suggests optimal 
conditions for photosynthesis at the start of the observation 
period. The decline from days 9 and 10 indicates that the 
plants are experiencing increasing stress, possibly due to 
water limitation or other adverse conditions affecting their 
photosynthetic activity. The photosynthesis rate starts 
to recover on reirrigation, indicating that the plants are 
beginning to regain their photosynthetic function, possibly 
due to the alleviation of stress conditions or adaptation 
mechanisms kicking in. Reduced photosynthesis and 
stomatal activities are frequently observed under drought 
stress in trees (Rajarajan et al., 2022; Galeano et al., 2019). 
Decreases in stomatal conductance and net photosynthesis 
during drought stress are fairly, but their underlying 
mechanisms remain poorly understood (Niinemets 2016). 
Stomatal closure limits the amount of CO2 absorption, 
which reduces photosynthesis, and plants store water (Borah 
et al., 2019; Wang et al., 2022). This reduces gas exchange, 
which, in turn, affects photosynthesis and can lead to leaf 
wilting and an increase in leaf temperature (Liu et al., 2010). 
In normal conditions, transpiration rates were relatively 
high and contributed to the plant's cooling. The decrease 
in transpiration rate during drought further supports the 
plant's effort to conserve water and mitigate water loss 
during drought stress. Reduced transpiration can lead to 
increased temperature and abridged nutrient transport. 
Additionally, photo-inhibition may occur during the stress 
period, which could harm the photosynthetic apparatus of 
plants (Niinemets 2016). When the plants were re-watered, 
their stomata restarted work by opening again, repairing or 

replacing any damaged photosynthetic components, which 
will result in a partial or complete recovery of photosynthetic 
rates (de Sousa Leite et al., 2022).

Chlorophyll fluorescence happens when chlorophyll absorbs 
light and re-emits as fluorescence, which helps assess plants' 
photosynthesis efficiency (Hwang et al., 2023). The current 
study examines how drought stress affects teak seedlings, 
paying special attention to the Photosystem II efficiency 
(Fv/Fm values) (Taria et al., 2020). The decreased Fv/
Fm values show that the photosynthetic efficiency is 
most likely due to physiological adjustments brought 
on by water scarcity (Alam et al., 2018). In contrast to 
these results, Rajarajan et al. (2022) reported reduced 
Fv/Fm values in Pongamia pinnata under drought stress 
(0.22 to 0.58), among different accessions. Chlorophyll is 
essential for photosynthesis as it absorbs light energy. The 
amount of chlorophyll in a plant indicates the condition 
of its chloroplasts and its capacity for photosynthesis 
(Tezcan et al., 2019). A high chlorophyll indicates healthy 
chloroplasts and active photosynthesis (Khaleghi et al., 
2012). Chloroplast damage during a drought can lower a 
plant's chlorophyll content by decreasing photosynthetic 
efficiency and greenness. In drought conditions, chlorophyll 
values exhibited slight decreases or increases in response to 
water-stress (Li et al., 2006). Findings align with results 
from studies by Liu et al. (2011), Galeano et al. (2019), 
Borah et al. (2019), and Hassan et al. (2021), indicating a 
reduction in chlorophyll levels with escalating water stress. 
The decline in chlorophyll content is commonly regarded as 
a characteristic manifestation of oxidative stress, potentially 
stopping pigment photo-oxidation, chlorophyll degradation, 
and/or deficiency in chlorophyll synthesis (Smirnoff, 1993).

Proline is an important amino acid that plays a vital role in 
the adaptation of plants to environmental stress. It acts as 
an osmoprotectant, helping to maintain cellular turgor and 
prevent dehydration in plants exposed to stress (Mansour, 
1998). It also functions as an energy or reducing power 
sink (Verbruggen et al., 1996), scavenger of reactive oxygen 
species (ROS) and their derivatives (Hong et al., 2000; 
Bashir et al., 2007), and serves as a source of carbon and 
nitrogen under stress conditions (Peng et al., 1996). Drought 
conditions led to a significant increase in proline content, 
indicating that drought stress induced the accumulation 
of proline in teak plants (Galeano et al., 2019). A notable 
decline in proline content from drought to the recovery 
phase suggests a recovery process, with proline levels 
decreasing as conditions improve. 

Glycine betaine is another osmoprotectant that helps to 
maintain osmotic balance and cell turgor under stress 
conditions (Noctor et al., 1997; Hassan et al., 2021). There 
was a noteworthy increase in glycine content under drought 

a

b

Plate: Plants under normal (a) and drought conditions (b) 
showing withering of leaves
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conditions compared to normal conditions (Annunziata 
et al., 2019; Tran et al., 2018). Increased glycine betaine 
levels can protect cell osmotic balance and protect cellular 
structures (Zouari et al., 2018). The glycine content was 
reduced during the recovery phase compared to the drought 
stress (Castro-Duque et al., 2020). MDA is an indicator of 
oxidative cell membrane damage. It displays the extent of 
lipid peroxidation, which may jeopardize the integrity of 
the membrane (Khaleghi et al., 2019; Wang et al., 2022). 
All teak accessions experienced cell membrane damage 
from ROS during water stress, as evidenced by the elevated 
MDA level. The teak accessions exhibited an increased 
MDA content in their leaves following drought treatment 
(Husen 2010; Hassan et al., 2021). The ability to prevent 
or repair membrane damage during dehydration processes 
MDA is essential for preserving membrane integrity (Yang 
et al., 2009; Rawat et al., 2021). 

Under stressful circumstances, soluble sugars function as 
an energy source and help to preserve osmotic balance and 
cell turgor. Because sugars sustain turgor and supply energy 
for metabolic processes when photosynthesis is restricted, 
drought stress can increase total soluble sugar levels 
(Rosa et al., 2009). Soluble sugars are highly sensitive to 
environmental stresses, and their levels can vary depending 
on the species (Rosa et al., 2009). During drought, there 
was a trend of increased soluble sugar content for most 
accessions compared to normal conditions, indicating a 
potential metabolic response to water stress. Several studies 
have reported similar findings, showing increased soluble 
sugar content in response to drought stress (Zhang et al., 
2020; saandez et al., 2021). The protein content in plant cells 
is necessary for enzymatic reactions, structural support, and 
stress response and is represented by total soluble protein 
levels (Wu et al., 2022). Total soluble protein may rise in 
response to drought stress as plants produce stress-related 
proteins to shield cellular structures and sustain metabolic 
processes (Zhongcheng et al., 2019). Plants produce 
specific proteins in response to drought stress, such as 
chaperones, late embryogenesis abundant (LEA) proteins, 
and antioxidant enzymes. Other studies reported similar 
findings, showing increased protein content in response to 
drought stress (Gurrieri et al., 2020; Hassan et al., 2021; 
Zonouri et al., 2014). 

4.   CONCLUSION

The research successfully identified the critical period for 
drought stress in teak seedlings, occurring on the 9th 

and 10th days of water withholding. The study demonstrated 
that drought stress significantly impacted physiological 
and biochemical markers, aiding in understanding teak's 
adaptation mechanisms. The findings suggested that teak 
seedlings exhibited a pronounced drought escape mechanism 

by shedding leaves and reducing transpiration. The recovery 
phase showed partial restoration of physiological functions, 
highlighting the resilience of teak under rehydration.  
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