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SUMMARY

The concerned research aimed to investigate the peculiarities of adaptation to water regime and
photosynthetic activity in four dye-yielding plant species (Indigofera tinctoria L., Rubia tinctorum L.,
Isatis tinctoria L., and Lawsonia inermis L.) cultivated in the Surkhandarya Region, Uzbekistan. During
the study, the leaf cell sap (LCS) concentration and content of the key photosynthetic pigments, such
as chlorophylls a and b, total pigment concentration, and carotenoids, succeeded in their
determination at the budding stage under normal and water-deficit conditions. The obtained results
allowed for identifying the degree of osmotic adaptation and photoadaptation mechanisms of the
plants under water-deficit conditions. The results lay down a scientific base for assessing the
ecological stability of dye-yielding plants and determining cultivars resistant to water stress conditions
with increasing photosynthetic efficiency. Detecting the chlorophylls a and b and carotenoid contents
in leaf samples used the spectrophotometric method. The results revealed a considerable decline in
photosynthetic pigments’ concentration under water-deficit conditions; however, these also showed
robust adaptive processes in certain species (especially the species Indigofera tinctoria L.).
Biochemical analysis disclosed an increase in the anthocyanin and flavonoid contents, ensuring stress
tolerance in dye-yielding plants. This approach helps in distinguishing the degree of plant adaptability
with enhanced efficiency in natural pigments’ production.
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Key findings: The dye-yielding plant species (Indigofera tinctoria L., Rubia tinctorum L., Isatis
tinctoria L., and Lawsonia inermis L.) exhibited distinct physiological responses to water-deficit

conditions. The species Rubia tinctorum L. and Lawsonia inermis L.

showed higher cell sap

concentrations, suggesting a considerable capacity for drought adaptation.

INTRODUCTION

In the present era, interest has been growing
in restoring natural dye sources and applying
them in various industries based on their
ecological safety. Natural dyes are distinct with
their chemical stability, biological activity, and
lack of harm to human health. Therefore,
determining physiological and biochemical
characteristics of dye-yielding plants and their
association with ecological conditions has
become one of the viable strategies (Kodirova
et al., 2024; Khodjayeva et al., 2025).

The Surkhandarya oasis shows
characteristics of unique climatic features, such
as the highest temperatures, water-deficit
conditions, intense sunlight, low humidity, and
soils with varying mechanical compositions.
These environmental factors considerably
affect the physiological processes of crop
plants, pigment formation, synthesis of
metabolites, and the activity of biochemical
reactions. Therefore, analyzing the ecological
adaptability of dye-yielding plants cultivated in
this region, the process of colorant formation,
and their quantitative variations were of
significant practical importance (Normurodov
et al., 2025).

With the increasing demand for
environmentally friendly and renewable
resources, interest in natural dyes gradually
grows. The Surkhandarya Region, with its
unique climate, soil, and flora, also hosts
various plants beneficial for obtaining natural
dyes. A thorough study of the physiological and
biochemical properties of such plants enables
their industrial-scale processing. Currently, an
enhanced need for ecologically clean and
natural pigments is amplifying the demand for
natural colorants, particularly for use as an
alternative to chemical dyes in the textile
industry. Therefore, a thorough study of the
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physiological and biochemical traits of dye-
yielding plants, analyzing their photosynthetic
activities, water regimes, and adaptation
mechanisms, is of considerable practical
necessity (Amanov et al., 2020).

One of the important dyes currently
receiving attention is indigo. Indigo belongs to
the group of carbonyl compounds and is one of
the oldest natural blue dyes, known since
antiquity, derived from the Indigofera tinctoria
plant. The indigo utilization, implemented as a
natural food colorant, has the aim of reducing
carcinogenic  effects of synthetic dyes
(Wahyuningsih et al.,, 2017; Ariyatun et al.,
2022; Hartl et al., 2024). Indigofera tinctoria
contains both indigo and indirubin and other

bioactive compounds, such as flavonoids,
steroids, and alkaloids, which possess
antioxidants and other biological activities

(Ariyatun et al., 2022; Archana et al., 2025).
Primarily, indigo has wide wuses in
dyeing textiles, especially denim, silk, cotton,
and other wool products. However, in previous
years, the application area of indigo has also
expanded into different food industries. This is
because indigo served as a natural food
colorant, particularly in beverages, sweets,
dairy products, candies, and decorative
products (Ariyatun et al., 2022). The Rubia
tinctorum L. pigments are primarily
anthraquinones, which have been traditionally

useful as natural dyes possessing various
biological activities. Rubia tinctorum L.
pigments mainly accumulate in roots, with

alizarin being the principal red dye widely used
for coloring textiles, in addition to its
antioxidant properties. Generally, the plant
pigments’ composition mainly depends on the
extraction methods, plant cultivars, and
cultivation conditions (Henderson et al., 2013;
Ford et al., 2018).
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The pigments of the plant Isatis
tinctoria are mainly natural indigo and its
derivatives. These dyes have historically been
widely applicable for dyeing textiles, in
medicine, as well as for coloring woods and
plastics (Mocquard et al., 2022; Sharif et al.,
2024). Furthermore, natural indigo pigments
obtained from Isatis tinctoria ensure stable
color retention by using wood and polylactic
acid-based polymers (Jordan and Laaksonen,
2023; Vauquelin et al., 2024). Moreover, the
pigments and other secondary metabolites

(flavonoids and phenolic acids) of Isatis
tinctoria possess antioxidant, anti-
inflammatory, antimicrobial, and antiviral

properties (Nguyen et al., 2019; Speranza et
al., 2020; Miceli et al., 2023). Indigo pigment
has indirect formation in the leaves of Isatis
tinctoria; rather, it becomes stored in the form
of several indigo precursors (indican, isatan A,
isatan B, and isatan C). When the leaves entail
damage and exposure to air, these precursors
undergo conversion into indoxyl through
enzymatic hydrolysis and oxidation, and
subsequently into indigo (blue pigment) and
indirubin (red pigment) (Speranza et al.,
2020).

The Lawsonia inermis L. (henna)
pigments primarily contain the lawsone (2-
hydroxy-1,4-naphthoquinone), a substance
renowned for its reddish-orange color. Lawsone
was most abundant in the leaves, which also
contain other bioactive compounds, such as
flavonoids, phenolic compounds, tannins,
terpenoids, and antioxidants (Al-Snafi, 2019;
Elansary et al., 2020; Othman et al., 2020;
Batiha et al., 2023). Lawsone is the main
coloring pigment in the plant, being recorded
with the highest concentration in plant leaves
(Oda et al., 2018; Elansary et al., 2020; Batiha
et al., 2023).

The lawsone content and most other
pigments in the leaves were higher in natural
conditions, whereas lawsone decreases under
laboratory conditions, although the
antioxidants and flavonoids increased (Pistelli
et al., 2023). Environmental conditions, such
as light, salinity, and growing site, significantly
affect the quantity and composition of
pigments. Therefore, proper selection of
growing conditions is essential for obtaining
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optimal pigment yield (Marzec and Szadkowski,
2019; Abba et al., 2020; Ahmad and Ansari,
2020; Akilandaeaswari and Muthu, 2021).

Water-deficit condition is one of the
most crucial abiotic stress factors affecting vital
activities of plants. It sharply alters not only
the processes of growth and development but
also interrupts the physiological processes,
such as photosynthesis, transpiration,
metabolism, and intracellular balance (Maisura
et al., 2014; Maghsoudi et al., 2019). With
global climate change, the precipitation regime
has gained disruptions, intensifying the
problem of water-deficit conditions in dye-
yielding plants in Surkhandarya, Uzbekistan. In
Isatis tinctoria L., the water stress directly
influences its leaf  biomass, pigment
concentration, and indigo content (Khadka et
al., 2020). The Lawsonia inermis L.,
conversely, exhibited a decrease in
photosynthetic pigments, dry matter in leaves,
and photosynthetic productivity under drought-
stress conditions (Kamalabadi et al., 2024).
These variations considerably revealed the
sensitivity of the pigments’ system to water
stress conditions.

Past research enunciated that in
response to water-deficit conditions, plants
enhance the concentration of cell fluid through
osmotic protection mechanisms. Consequently,
retaining intracellular water protects the cells
from damage (Mamedov, 2015; Khadka et al.,
2020). Parallel to these physiological
processes, the photosynthetic pigment system
shifts to an active defense state: carotenoids
protect the chlorophyll from oxidation, while
anthocyanins mitigate the light stress
conditions. The photosynthetic process is vital
in living organisms, as it involves the synthesis
of organic compounds along with the release of
oxygen (Beknazarov, 2009). Photosynthesis
efficiency depends on the concentration of
chlorophylls a and b, while carotenoids protect
this physiological system from oxidative stress
damage (Maisura et al., 2014). Thus, water
deficiency not only enhances the leaf cell sap
(LCS) index but also causes variations in the
pigment ratio.

In the analysis of photosynthetic
pigments, solvent systems based on ethanol
(C2Hs0H), acetone (C3HeO), and diethyl ether
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are widely used solutions as the most effective
methods. These pigments appear within
chloroplasts, and, in addition to absorbing
light, transferring energy, and facilitating
photochemical reactions, they also perform
protective functions during abiotic stress
conditions (Maghsoudi et al., 2019; Khadka et
al., 2020). The presented study aimed to
evaluate the physiological processes, cell sap
concentration, and variations in photosynthetic
pigments in relation to water stress and
ecological factors in specific dye-yielding plants
grown in the  Surkhandarya Region,
Uzbekistan.

MATERIALS AND METHODS

The following research conducted during 2025
was under field conditions at the Scientific
Research Institute of Fine-Fiber Cotton
Breeding, Surkhandarya Region, Uzbekistan.

Dye-producing plants included Indigofera
tinctoria L., Rubia tinctorum L., Isatis tinctoria
L., and Lawsonia inermis L., which entailed
scrutiny in field experiments carried out in a
subplot size of 24 m2, using a randomized
complete block design with four replications.
The conduct of experiments proceeded on two
plots with differing soil moisture levels
comprising a) soil moisture before irrigation
maintained at 56%-58% and b) soil moisture
before irrigation not falling below 78%-80%.
Plants’ cell sap concentration
determination used the refractometric method
on samples collected in triplicate from each
plot. A hand press (Figure 1) and a RuoShui
2GHS refractometer, China (Figure 2), were
pieces of equipment used for cell sap
determination. For analysis, the selection of six
replicate samples came from the third
morphologically developed leaf at the growth
point. Measurements continued before
irrigation, along with soil moisture assessment

<.

Figure 1. The hand press and the procedure for extracting cell sap using device (Sharif et al., 2024).

Figure 2. Ruoshui 2GHS refractometer (Sanchez-Pérez et al., 2008).
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beneath the plants (Ford et al., 2018). The soil
moisture, as measured, employed a soil
moisture meter (Hangzhou Quality Lab
Scientific Instrument Co., Ltd., China).
Additionally, air temperature and humidity
measurements utilized an Assmann
psychrometer.

In both  experiments, for the
compilation of recorded data, the equations
used in all practical procedures, were as
follows:

G:ifm—bz
n

X =A+bxi

m% =

=] 3

_Gxloo , _ G

x A

The central value of class A; b is a
correction factor calculated using the following
formula:

v
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n
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Where i = class interval, f = deviation of
frequencies, M = arithmetic mean, G =
standard deviation, X = the sum of
observations, m = the standard error of the
arithmetic mean, n = sample size, V =
coefficient of variation, and m% = error
percentage.

.

n
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Where x = arithmetic mean, G = average
deviation, X = the sum of observations, m =
the standard error of the arithmetic mean, n =
sample size, and V = coefficient of variation.

v

In both field experiments, the
concentrations of chlorophylls a and b and
carotenoids were successful as determined in
the leaves of pigment-producing plants. Under
field conditions, the samples collected came
from the 3rd to 4th leaves, counted from the
plant's growth point. Each leaf sample of 50
mg entailed placement into a test tube, with
the leaf samples homogenized in 5 mL of 95%
ethanol solution (Ford et al., 2018).

The homogenate received
centrifugation at 5000 rpm for 12 minutes. The
absorbance values of the resulting extract,
corresponding to chlorophyll a, chlorophyll b,
and carotenoids, underwent measurement at
wavelengths of 664, 649, and 470 nm using an
Agilent Cary 60 UV-Vis spectrophotometer.
Based on these absorbance readings, the
concentrations of chlorophyll a, chlorophyll b,
and carotenoids in plant leaves incurred
calculations using the following equations
(Nayek et al., 2014).

Chlorophyll a (mg/g) = 13.36A664-5.19 x
A649

Chlorophyll b (mg/g) = 27.43A649-8.12 x
A664

Carotenoids (mg/g) = (1000A470 -2.13 x Chl
a-97.63 Chl b) / 209

F (Mg/g) = (VxS)/P

Based on the values obtained using
these formulas, determining the average
pigment content for each plant species, their
relative ratios, and physiological variations
induced by water stress was successful. The
reliability of  these findings received
assessment through statistical analysis.

RESULTS AND DISCUSSION

Cell sap concentration (CSC) emerged as one
of the most sensitive physiological indicators
for evaluating the water regime status of crop
plants. The results revealed CSC reflects the
ecological adaptability of plants in interaction
with environmental conditions, having a direct
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association with their drought tolerance.
Observations conducted under the conditions
of the Surkhandarya Region, Uzbekistan,

disclosed that leaf cell sap concentration
decreased as and when soil moisture
increased, whereas it rose under soil

dehydration. These variations were ascribable
to the plant's ability to conserve more water,
regulate osmotic pressure, and maintain
intracellular homeostasis. Therefore, CSC
dynamics sustained evaluation as a reliable
diagnostic criterion for determining the
physiological status of pigment-producing
plants under water stress conditions
(Maghsoudi et al., 2019; Speranza et al.,
2020). In quantifying the photosynthetic
pigment system of the plant’s chlorophylls a
and b and carotenoids, past findings indicated
pigment concentration is a key factor
determining  photosynthetic  activity and
ecological stability in crop plants (Maisura et
al., 2014). Under water-deficit conditions,
pigment levels declined, which corresponds to
a reduction in photosynthetic efficiency.
However, the relative stability of carotenoid
content enhanced their photoprotective
function (Maisura et al., 2014).

In general, the relationship between
cell sap concentration and variations in
photosynthetic pigments reflects the complex
physiological response of plants to water stress
conditions. These results provide a sound basis
for assessing the drought adaptability of dye-
producing plants, identifying drought-tolerant
genotypes, and enhancing their pigment
productivity (Khodjayeva et al., 2025). Based
on the above information, the cell sap
concentration entailed detection in dye-
producing plants, namely Indigofera tinctoria

L., Rubia tinctorum L., Isatis tinctoria L., and
Lawsonia inermis L. species. It continued by
examining the dynamics of variations in
relation to soil moisture levels during the
flowering stage (Table 1).

During the flowering stage of the
studied dye-producing plants, cell sap
concentration exhibited significant variations
under different soil moisture levels (Khadka et
al., 2020). According to results, under optimal
moisture conditions (78%-80%), all the plants
demonstrated lower cell sap concentrations,
indicating sufficient water availability within the

vacuoles. In contrast, the limited moisture
conditions (56%-58%) and water-deficit
conditions lead to reduced vacuolar water
content and a relative increase in the
concentration of solutes (sugars, amino acids,
proline, and other osmotic compounds)
dissolved in the sap. The said process

represents the plants’ osmotic adjustment
mechanism, whereby osmotic  pressure
increases to retain cellular water. However,
this mechanism manifests differently across
the plant species (Elansary et al., 2020; Batiha
et al., 2023).

For instance, in Indigofera tinctoria L.,
the recorded cell sap concentration was 8.1%
under optimal conditions and increased to
10.3% under limited moisture conditions,
reflecting a 27% rise. This species originates
from tropical regions and exhibits moderate
drought tolerance. Although its deep roots
facilitate water uptake, the «cell sap
concentration increases rapidly in its leaves.
Such a type of plant’s adaptation helps delay
the leaf tissue wilting (Ahmad and Ansari,
2020; Akilandaeaswari and Muthu, 2021).

Table 1. Effect of soil moisture levels on cell sap concentration during the flowering stage of dye-

producing plants (%).

Soil moisture

Limited moisture (56%-58%)

Species Optimal moisture (78%-80%)
Indigofera tinctoria L. 8.1+0.5

Rubia tinctorum L. 11.5+0.4

Isatis tinctoria L. 7.1+0.3

Lawsonia inermis L. 10.5+0.2

11.3+0.4
15.8+0.5
9.9+0.3

14.2+0.4
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In Rubia tinctorum L. (dyer's madder),
the cell sap concentration was 11.5% under
optimal conditions and rose to 14.8% under
limited moisture, representing a 28%-30%
increase. The primary reason for this process is
the accumulation of anthocyanins and phenolic
compounds in plant roots. Under water-deficit
conditions, the levels of osmotic substances
(such as proline and sugars) in both roots and
leaves increased sharply, resulting in a
significant rise in cell sap concentration. The
madder plant is considerably moderately
tolerant, responding actively to stress
conditions; however, it requires substantial
water (Oda et al., 2018; Batiha et al., 2023).

In Isatis tinctoria L., the cell sap
concentration was 7.1% under optimal
conditions and increased to 8.9% under limited
moisture, representing a 25% rise. The said
species seemed highly drought-tolerant due to
its deep-growing taproot system and the
presence of trichomes on leaf surfaces.
Consequently, even under water stress
conditions, the increase in cell sap
concentration was relatively lower than other
species, revealing its adaptation to arid
conditions (Elansary et al., 2020).

In Lawsonia inermis L. (henna), the
cell sap concentration was 10.5% under
optimal conditions and rose to 13.2% under
limited moisture, reflecting a 25%-27%
increase. Although this species is naturally
adapted to semi-arid regions, its large leaf
surface area contributes to high transpiration
rates. As a result, under water-deficit
conditions, the concentration of solutes
increases rapidly in leaf vacuoles. The results
indicated that while the said plant is

moderately tolerant, its high transpiration
makes it more susceptible to drought stress
conditions (Elansary et al., 2020; Batiha et al.,
2023).

In this research conducted under the
agroclimatic conditions of the Surkhandarya
Region, Uzbekistan, scientists analyzed the
levels of key photosynthetic pigments. These
are chlorophyll a, chlorophyll b, total pigment
concentration, and carotenoids during the
budding stage of the selected dye-producing
plant species. A comparative analysis across
the different species revealed the pigment
concentrations for various plant physiological
traits (Table 2). The analysis of the pigment
system of the dye-producing plants expressed
that under water stress conditions, the
quantity of photosynthetic pigments
significantly varies among the four species.
Notably, Rubia tinctorum L. and Lawsonia
inermis L. exhibited a higher pigment richness,
whereas the lower pigment levels in Isatis
tinctoria L. suggest its sensitivity to drought
stress conditions (Ahmad and Ansari, 2020;
Akilandaeaswari and Muthu, 2021).

The results displayed that overall, the
chlorophyll a content ranged from 2.35+0.31to
5.74+0.27 mg/g across the different species.
However, the highest concentration of
chlorophyll a was evident in Rubia tinctorum L.
(5.74+£0.27 mg/g), indicating a highly active
photosynthetic apparatus. The lowest value of
chlorophyll a resulted in Isatis tinctoria L.
(2.35+0.31 mg/qg), suggesting reduced
pigment synthesis under water stress
conditions. The species Indigofera tinctoria L.
(3.32+0.24mg/g) and Lawsonia inermis L.
(3.23£0.26 mg/g) maintained moderate levels

Table 2. Photosynthetic pigment content of dye-producing plants during the budding stage under
agro-climatic conditions of Surkhandarya, Uzbekistan during 2025.

Pigment composition per fresh weight (mg/g)

Chlorophyll  Total igment Carotenoid
Species Chlorophyll a b P concentration i rate
Tyt Yyt Yyl Tyt
Indigofera tinctoria L. 3.32+0.24 2.84+0.15 4.05+0.13 0.35+0.04
Rubia tinctorum L. 5.74+£0.27 3.97+£0.16 4.4+0.16 0.48+0.05
Isatis tinctoria L. 2.35+0.31 1.25+0.18 3.2+0.29 0.28+0.03
Lawsonia inermis L. 3.23+0.26 2.35+0.21 2.94+0.24 0.42+0.06
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of  chlorophyll a concentrations.  The
spectrophotometric analysis of chlorophylls a
and b, total chlorophyll, and carotenoid
contents in the leaves of grass pea (Lathyrus
sativus L.) revealed varied values (Khodjayeva

et al. 2025).

Overall, the chlorophyll b content
ranged from 1.25+0.18to 3.97+0.16mg/g
among the four different dye-producing

species. Rubia tinctorum L. again showed the
highest value of chlorophyll b
(3.97£0.16 mg/g), indicating stable chlorophyll
synthesis in its leaves. The lowest chlorophyll b

value appeared in Isatis tinctoria L.
(1.25+0.18 mg/g), further confirming its
sensitivity to water stress conditions. The
species Indigofera tinctoria L.
(2.84%£0.15mg/g) and Lawsonia inermis L.

(2.35+£0.21mg/g) maintained intermediate
levels of chlorophyll b, suggesting partial
preservation of pigment synthesis. Past studies
revealed that at the flowering phase, the
highest values of chlorophyll b emerged in the
leaves of broad bean (Vicia faba L.) (Omonov
et al. 2023; Khodjayeva et al. 2025).

Thus, although total pigment
concentrations, particularly chlorophylls a and
b, decreased under water-deficit conditions,
carotenoids remained relatively stable. This
suggests the plants activate protective
mechanisms to defend against oxidative stress
conditions caused by increased light and to
preserve the photosynthetic apparatus. The
results based on the analysis of the
photosynthetic pigment system also
demonstrated the direct physiological impact of
water stress on plants.

Carotenoid content also varied among
the four species, ranging from 0.35+0.04 to
0.48+0.05mg/g. The highest levels of
carotenoid content were evident in Rubia
tinctorum L. (0.48+0.05mg/g) and Lawsonia
inermis L. (0.42+0.06 mg/g), indicating that
these species maintained the highest
carotenoid synthesis, which reflects the active
functioning of their photoprotective
mechanisms. In contrast, the species
Indigofera tinctoria L. (0.35£0.04mg/g) and
Isatis tinctoria L. (0.28+0.03mg/g) showed
relatively lower carotenoid levels.
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Overall, the reduction in chlorophyll a
and b levels leads to a decline in
photosynthetic activity, while the relative
stability of carotenoid content reveals the
activation of photoprotective responses.
Notably, the highest carotenoid levels in Rubia
tinctorum L. (0.48+£0.05mg/g) and Lawsonia
inermis L. (0.42+0.06 mg/g) reflect the
effective functioning of their photoprotective

systems, suggesting these species have
developed stable physiological responses to
oxidative stress conditions (Marzec and
Szadkowski, 2019; Abba et al., 2020). In

conclusion, the plant’s responses to water-
deficit conditions are emergent through two
primary mechanisms: maintaining osmotic
balance via increased cell sap concentration
and protecting the photosynthetic apparatus

through stable carotenoid synthesis
(Maghsoudi et al., 2019; Khodjayeva et al.,
2025).

Cell sap concentration and pigment

systems serve as complementary indicators,
enabling a comprehensive assessment of plant
physiological tolerance to water stress
conditions. These results provide a valuable
basis for the selection of dye-producing plants
and the planning of water-saving agronomic
practices under arid conditions, such as those
found in the Surkhandarya Region, Uzbekistan.
The results obtained are of great value in
determining the dynamics of pigment
formation in plants under the ecological
conditions of Surkhandarya, Uzbekistan, for
the efficient use of natural dye sources and the

production of environmentally friendly
products.
CONCLUSIONS

The results revealed four pigment-producing
plant species (Indigofera tinctoria L., Rubia
tinctorum L., Isatis tinctoria L., and Lawsonia
inermis L.) exhibited distinct physiological
responses to water deficit conditions.
Throughout the study, a considerable
correlation was evident between the cell sap
concentration (CSC) and the photosynthetic
pigment system. As soil moisture decreased
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from 78%-80% to 56%-58%, the CSC levels
increased across all plant species, indicating
activation of osmotic adjustment mechanisms.
Notably, the species Rubia tinctorum L.
(11.5£0.4% — 15.8+0.5%) and Lawsonia
inermis L. (10.5+0.2% — 14.2+0.4%) showed
the higher cell sap concentrations, suggesting
a robust capacity for drought adaptation.
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