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Abstract: Daucus carota L. (carrot) is a commercially significant root vegetable widely cultivated in temperate regions for its edible
taproot and valued for its high nutritional content. This study aimed to investigate the effects of drought stress on callus tissues of
the Hatay black carrot (Daucus carota L. ssp. sativus var. atrorubens Alef.) genotype and to determine the impact of different gamma
radiation doses on antioxidant enzyme activities. Black carrot callus tissues were exposed to gamma irradiation at doses of 0, 7, 8, and
9 Gy to evaluate their responses to drought stress. Antioxidant enzyme activities, including superoxide dismutase (SOD), catalase
(CAT), and ascorbate peroxidase (APX), as well as biochemical parameters such as hydrogen peroxide (H,O) levels, lipid peroxidation
measured as malondialdehyde (MDA) content, and soluble protein concentrations, were quantified. Callus formation was completely
inhibited at a polyethylene glycol (PEG) concentration of 15%, whereas a gradual decrease in callus production was observed at 5% and
10% PEG. Enzyme activity analyses revealed significant increases in CAT, SOD, and APX activities in gamma-irradiated carrot callus
tissues exposed to drought stress compared with control tissues. Furthermore, drought stress resulted in elevated H,O, and soluble
protein levels, accompanied by a marked increase in lipid peroxidation, as indicated by MDA content. Multivariate analysis revealed that
key oxidative stress markers and antioxidant enzymes significantly influence plant stress responses, indicating the presence of complex
regulatory networks. Antioxidant systems play a central role in mitigating stress, with distinct pathways independently regulating
oxidative damage markers. The results suggest that differences between gamma-irradiated callus lines and control callus tissues under

drought stress conditions may provide valuable insights for future in vitro selection and stress-response studies in carrot.
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1. Introduction
Drought, an increasingly severe natural hazard exacerbated
by rising global temperatures, affects a considerable
proportion of the human population, particularly in
semiarid and arid regions. Over the past four decades,
the land area affected by drought has more than doubled,
making drought the most impactful natural disaster
globally during this period. Climate change has further
amplified drought severity, characterized by increased
frequency, intensity, and persistence'. Understanding the
impact of drought is particularly important for crops such
as carrot, which are sensitive to water deficit conditions.
Daucus carota L. (carrot) is a significant vegetable crop
cultivated globally in cool climates because of its edible
taproot (Bashir et al., 2021). It is a hydrophilic species
and is renowned for its high nutritional value (Bonasia
et al, 2021). High concentrations of anthocyanins,

carotenoids, and phenolics render carrots nutritionally
valuable, contributing to substantial consumer demand.
However, research on the impact of climate change
on carrot production remains limited (Blando et al.,
2021; Kowalczyk and Kubon, 2022). Carrots exhibit
diverse pigmentation due to various compounds: beta-
carotene imparts an orange color, anthocyanins produce
black pigmentation, lycopene generates red coloration,
xanthophylls result in yellow coloration, and carrots
lacking pigments appear white (Buishand and Gabelman,
1980; Koca Bozalan and Karadeniz, 2011; Zhang et al,,
2021). These biochemical characteristics influence the
plant’s response to environmental stresses such as drought,
which can affect both yield and quality.

Drought is a primary abiotic stress factor that
significantly impairs plant growth (Duan et al, 2021;
Zhu et al, 2021). Carrots are particularly susceptible

' FAO (2022). Food and Agriculture Data [online]. Website http://www.fao.org/faostat/en/#data/QC [accessed 01 September 2024].
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to abiotic stress, and drought conditions severely affect
their production and quality (Razzaq et al., 2017; Junaid
et al, 2023). Insufficient soil moisture during taproot
development negatively influences carrot yield (Oztiirk
Gokge et al., 2022). Furthermore, drought stress alters
carrot quality and chemical composition, although dry
matter concentrations may increase simultaneously under
water deficit conditions (Seleiman et al., 2021). Abiotic
stress conditions, such as drought, induce notable changes
in the concentrations of metabolites, including proline,
glycine betaine, phenolic compounds, and carotenoids
(Razzaq et al., 2017). Specifically, drought-sensitive carrot
genotypes show a decrease in carotenoid levels compared
with drought-tolerant genotypes (Zhang et al, 2021).
Cultivars with relatively high dry matter contents tend
to exhibit greater drought tolerance (Abid et al., 2018).
Severe drought inhibits photosynthesis by disrupting the
photosynthetic apparatus, thereby negatively affecting
plant chlorophyll content (Wang et al., 2018). Chlorophyll
degradation is caused primarily by reactive oxygen species
(ROS), which interfere with chloroplast functionality (Qi
et al,, 2023). These physiological and biochemical changes
highlight the importance of studying enzymatic responses
under drought conditions.

Drought stress influences enzymes involved in protein
metabolism. Protease activity, which is responsible
for protein degradation, may increase under drought
conditions, leading to reduced protein content. Generally,
drought stress negatively affects enzyme activity by
damaging plant cells and impairing cellular functions,
including enzyme synthesis (Kusvuran et al, 2016;
Kusvuran, 2021; Zia etal., 2021). However, certain enzymes
that synthesize compatible solutes (molecules that increase
drought resistance) may exhibit increased activity during
drought. Additionally, enzymes involved in antioxidant
defense mechanisms may become more active in protecting
plants from oxidative stress induced by prolonged drought
exposure (Zia et al., 2021). Understanding these cellular-
level responses requires controlled experimental systems,
such as tissue culture.

Tissue culture techniques provide controlled in
vitro conditions, facilitating the evaluation of stress
tolerance. These cultures yield a homogeneous population
of synchronously developing plant cells, which differ from
whole plants in their regulatory mechanisms (Ammirato,
1983; Fehér, 2019). In vitro tissue culture is a crucial
method for examining physiological and biochemical
responses at the cellular level under controlled conditions
(Lushchak, 2011; Rai et al., 2011; Efferth, 2019). Culturing
explants on media containing selective biotic or abiotic
agents to generate new variability is termed the in
vitro selection technique (Rai et al., 2011). This method
assesses the survival, regeneration, and growth of desired

genotypes (somatic variants). Although some researchers
emphasize the heritability of somaclonal variation via
sexual reproduction, this outcome is not always achievable
(Rai et al., 2011). In vitro techniques enable precise
stress control and detailed analysis of cellular responses,
independent of whole-plant regulatory processes (Lutts et
al., 2004). Such controlled systems are particularly useful
for studying callus cultures under stress conditions.

Callus culture isamong the most widely employed tissue
culture techniques because of the ease of manipulating
and cultivating callus tissues. Enzymatic activities, which
are essential for plant growth and development, change
significantly in response to environmental stresses such
as drought. Specifically, drought stress substantially
alters enzymatic activities in carrot callus tissues, thereby
affecting various metabolic and cellular processes (Rai et
al., 2011). Polyethylene glycol (PEG) is commonly utilized
as an osmotic agent in vitro to simulate drought conditions,
facilitating the selection of drought-tolerant mutants
(Santos-Diaz and Ochoa-Alejo, 1994; Dami and Hughes,
1997; Afa et al., 2012; Suprasanna et al., 2014; Saepudin et
al., 2017; Kacem et al., 2017; Zhang et al., 2021; Nijabat et
al., 2023). Notably, previous research has employed PEG-
induced drought conditions to select drought-tolerant
carrot genotypes in vitro (Fallon and Phillips, 1989).
Combining PEG-induced stress with mutagenesis may
enhance the efficiency of developing drought-tolerant
genotypes.

The use of gamma radiation as a physical mutagen
offers several notable advantages, including ease of use,
high permanence, accessibility to target cells, and an
absence of toxic effects or damage (Schum, 2003). In
vitro methods permit the uniform treatment of cells with
physical and chemical mutagens, followed by cultivation
in homogeneous media (Maliga, 1984; Ahloowalia,
1995). In vitro cultures offer substantial benefits for
identifying somaclonal variation in plant breeding studies.
In vitro mutagenesis experiments can be performed on
large populations within limited space and at any time
of year, thereby increasing the probability of obtaining
potent mutants. A primary benefit of this approach is
that chimeric structures in M1V1 are circumvented.
Tissue culture techniques facilitate the management of
large populations for mutagenesis treatment, selection,
and cloning of specific mutants. Furthermore, this
method allows expeditious subculture propagation cycles,
which facilitate the separation of mutated sectors from
nonmutated sectors (Ahloowalia and Maluszynski, 2001).
These advantages make gamma irradiation combined with
in vitro selection a powerful tool for crop improvement
under abiotic stress.

A narrow genetic base poses a significant obstacle to
enhancing crop productivity and ensuring food security
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(Spencer-Lopes et al, 2018; Khursheed et al, 2019).
Consequently, breeding programs aimed at developing
cultivars adapted to climate change must prioritize the
expansion of genetic diversity (Piri et al., 2011; Raina et al.,
2016; Kokpinar et al., 2021). Mutation induction followed
by in vitro or in vivo selection has been widely employed
to develop genotypes resistant to drought, salinity stress,
aluminum toxicity, pests, and diseases in numerous crop
species (Ali and Suryakant, 2024). For example, soybean
mutants generated through gamma irradiation (400 rad)
were able to tolerate PEG concentrations of up to 20% in
vitro (Husni et al., 2006). Similarly, mutagenesis combined
with PEG-based selection has successfully produced
drought-tolerant carrot genotypes (Stintzing et al., 2002).
Mutagenic treatments may be applied to seeds or callus
tissues, with callus tissues being especially sensitive due
to their meristematic properties. Random mutations
yield highly diverse genotypes, which can be selectively
screened via targeted in vitro techniques.

This study aims to utilize tissue culture techniques
for cellular-level selection of drought-tolerant genotypes
in black carrots, thereby accelerating the identification
of beneficial mutations that are rare under natural
conditions. Black carrot cultivation has recently shown
a decline in yield and quality due to drought stress. The
constraints associated with traditional, extensive field-
based breeding programs can thus be overcome under
controlled laboratory conditions. This approach enables
the rapid and precise determination of drought tolerance
in callus tissues at the enzymatic level. Consequently, this
study proposes a protocol to obtain preliminary data at the
callus stage, thereby facilitating the selection of genotypes
suitable for cultivation under drought conditions. This
provides a strong foundation for subsequent breeding
programs aimed at improving carrot resilience under
water-limited environments.

2. Materials and methods

The research was conducted at the Tissue Culture
Laboratory of the Faculty of Agriculture, Recep Tayyip
Erdogan University, Rize-Pazar, Tiirkiye, and at the
Central Research and Application Laboratories of Agri
Ibrahim Cegen University, Agri, Tiirkiye.

2.1. Plant material and surface sterilization procedures
Hatay black carrot (Daucus carota L.
ssp. sativus var. atrorubens Alef.) seeds were used as
plant material to obtain in vitro plantlets. The seeds were
first rinsed five to six times with tap water, followed by
immersion in 70% ethanol for 1 min. Surface sterilization
was performed by treating the seeds with a 2% (v/v)
liquid detergent solution supplemented with 2-4 drops of
Tween-80 for 20 min. The seeds were subsequently rinsed
thoroughly three times with sterile distilled water.
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2.2. Preirradiation experiments

Carrot seeds were cultured in Petri dishes containing
25 mL of Murashige and Skoog (MS) basal medium
(M022; Duchefa Biochemie B.V., Haarlem, Netherlands)
(Murashige and Skoog, 1962) and solidified with 7 g
L plant agar (Duchefa Biochemie B.V.). The pH of
the medium was adjusted to 5.8 with NaOH before
autoclaving. Each Petri dish contained 10 seeds. Cultures
were incubated under cool-white fluorescent illumination
at 35 pmol m™ s~ with a 16-h photoperiod, at 24 £ 1 °C, a
relative humidity of 50-60%, and a light intensity of 1000
lux.

For callus induction, leaf explants obtained from
3-week-old carrot seedlings were cultured in MS medium
supplemented with 0.5 mg L' kinetin and 1 mg L
2,4-dichlorophenoxyacetic acid (2,4-D) under dark
conditions. Initiated calli were proliferated on the same
medium through three successive subcultures, each lasting
2 weeks, resulting in friable white calli that were used as
explants for gamma irradiation.

Black carrot callus tissues (50 calli per dose) were
irradiated with gamma rays at doses of 0, 5, 10, 20, 30,
40, 50, and 60 Gy using a cobalt-60 (“Co) gamma-ray
source at a dose rate of 360 Gy h™! at the Turkish Energy,
Nuclear, and Mineral Research Agency (TENMAK),
Ankara, Tiirkiye. On the basis of plant regeneration rates
from callus tissues, regression analysis revealed an optimal
irradiation dose of 8.36 Gy (Turan Buyukdinc et al., 2019).
The effective mutation dose (EMDs,) was determined as
+10% of the optimal dose, corresponding to the lower
(7 Gy) and upper (9 Gy) limits, and was employed in the
present study. The applied gamma irradiation doses (0, 7,
8, and 9 Gy) were selected based on the estimated EMDs,
value, representing a biologically effective but nonlethal
dose range. This focused range allowed for the evaluation
of subtle stress-responsive physiological and biochemical
responses without causing irreversible tissue damage.

Immediately following irradiation, the callus tissues
were transferred to fresh, hormone-free MS medium to
avoid potentially harmful substances generated in the
irradiated medium. Plant regeneration from gamma-
irradiated calli was subsequently promoted via this
medium.

2.3. In vitro selection of drought stress-tolerant carrot
genotypes

Plants regenerated from gamma-irradiated calli, following
two subcultures, were cultivated for 6 weeks. During this
period, leaf explants measuring approximately 0.5 cm
were harvested from individual plants. Embryogenic calli
derived from these gamma-irradiated carrot explants were
subjected toinvitro selection on Murashige and Skoog (MS)
medium supplemented with polyethylene glycol (PEG)
6000, which was employed as a drought-stress inducer. To
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assess callus formation under drought conditions, tissues
were cultured on MS medium supplemented with varying
PEG concentrations (0%, 5%, 10%, and 15%).

The stress-induction medium consisted of MS basal
medium with vitamins (M022; Duchefa Biochemie B.V.)
containing 4.4 mg L' nutrients and solidified with 7 g L™!
plant agar (Duchefa Biochemie B.V.). The medium was
supplemented with 30 mg L sucrose, 1 mg L™ 2,4-D, and
0.5 mg L™ kinetin, and the pH was adjusted to 5.8 with
NaOH before autoclaving. Gamma-irradiated carrot callus
tissues were subcultured twice and maintained under
drought-stress conditions in vitro for 6 weeks.

2.4. Determination of soluble protein content

The tissue samples (0.5 g) were cryogenically preserved
in liquid nitrogen and pulverized into a fine powder. The
powder was subsequently homogenized thoroughly in
0.1 M phosphate buffer (pH 6.75) at a ratio of 1:4 (w/v).
The homogenate was centrifuged at 15,000 x g for 15 min,
and the resulting clear supernatant was used for protein
quantification. The protein content was determined
spectrophotometrically at 562 nm according to Smith et
al. (1985).

2.5. Determination of lipid peroxidation and hydrogen
peroxide contents

To evaluate lipid peroxidation levels, tissue samples (0.2
g) were homogenized in liquid nitrogen and suspended
in 0.1% trichloroacetic acid (TCA). The homogenate was
then centrifuged, and the resulting supernatant was mixed
with a freshly prepared TCA-TBA-HCI solution (1:1:1,
v/v/v). This mixture was incubated at 95 °C for 1 h and
cooled to room temperature. The malondialdehyde (MDA)
concentration was quantified spectrophotometrically
by measuring absorbance at 532 nm and corrected for
nonspecific turbidity by subtracting absorbance at 600 nm
(Ohkawa et al., 1979).

The content of hydrogen peroxide (H,O,) was
determined following the method described by Velikova
et al. (2000). Tissue samples (0.4 g) were homogenized
in cold 0.1% TCA. The resulting supernatant was mixed
with 10 mM potassium dihydrogen phosphate (KH,PO,)
(pH 7.0) and potassium iodide. Absorbance was measured
at 390 nm using a UV spectrophotometer, and the H,O,
concentration was calculated on the basis of a standard
calibration curve and expressed as pmol g™ fresh weight
(FW).

2.6. Determination of antioxidant enzyme activities

Following a 6-week treatment period (two subcultures),
changes in soluble protein content and antioxidant enzyme
activities—superoxide dismutase (SOD), catalase (CAT),
and ascorbate peroxidase (APX)—as well as hydrogen

peroxide (H,O,) levels were measured in callus tissues
exposed to drought conditions. Additionally, alterations
in lipid peroxidation, as indicated by malondialdehyde
(MDA) accumulation, were assessed. All enzyme activities
were quantified using spectrophotometric methods.

For enzyme extraction, 0.5 g of tissue was rapidly
frozen in liquid nitrogen and then homogenized in 5 mL
of extraction buffer composed of 0.1 M KH,PO, (pH
6.75), 1% polyvinylpyrrolidone, and 1 mM EDTA. The
homogenized samples were centrifuged at 15,000 x g
for 15 min at 4 °C, and the resulting supernatants were
collected and used as enzyme extracts.

Catalase (CAT) activity was spectrophotometrically
assessed at 240 nm by monitoring the decomposition of
hydrogen peroxide (H,O,) into water and oxygen (Gong
et al,, 2001). Superoxide dismutase (SOD) activity was
evaluated on the basis of the enzyme’s capacity to inhibit
the photoreduction of nitro blue tetrazolium by superoxide
radicals, thereby preventing the formation of blue-colored
formazan (Agarwal and Pandey, 2004; Yordanova et
al., 2004). Ascorbate peroxidase (APX) activity was
determined by recording the decrease in absorbance at
290 nm due to ascorbate oxidation, calculated using an
extinction coefficient of 2.8 mM™ cm™, following the
method described by Nakano and Asada (1981).

2.7. Experimental design and statistical analysis

Data analysis was conducted using IBM SPSS Statistics
version 20.0 (IBM Corp., Armonk, NY, USA). The
experiment was arranged using three independent
biological replicates, each consisting of 10 callus explants
per treatment. For each biological replicate, measurements
were performed as technical replicates and were averaged
prior to statistical analysis. Experimental outcomes were
evaluated by one-way analysis of variance (ANOVA).
Significant differences among treatment means were
determined using Duncan’s multiple range test at p <
0.05. Correlation analysis was performed using the metan
package (v1.18.0; Olivoto and Lucio, 2020) in R software?.

3. Results

3.1. Callus initiation

Callus induction from explants generally decreased
with increasing gamma-ray exposure dose and PEG
concentration. The reduction in medium water potential
significantly affected in vitro callus initiation in explants
exposed to different gamma-ray doses (0, 7, 8, and 9
Gy). Specifically, no callus development was observed
in hypocotyl explants to 9 Gy of gamma radiation when
cultured on medium supplemented with 10% or 15%
PEG. At a PEG concentration of 15%, callus formation
was completely inhibited, preventing sufficient tissue

> R Core Team (2024). R: A language and environment for statistical computing. Vienna: R Foundation for Statistical Computing [online]. Website

https://www.R-project.org [accessed 10 October 2025].
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development for biochemical analyses. Consequently,
this treatment was not included in further physiological
and biochemical evaluations. These results demonstrate
that callus initiation was influenced by both gamma-ray
dose and PEG-induced drought stress conditions (Figure
1). The amount of callus decreased, and callus tissues
progressively darkened with increasing gamma radiation
dose and PEG concentration (Table).

3.2. Effects of in vitro drought stress on soluble protein
content

The soluble protein content was determined in callus tissues
cultivated for 6 weeks on nutrient medium supplemented
with varying PEG concentrations, which were employed
as an osmotic agent to induce drought stress. The
mean values were calculated from three replicates, and
statistically significant differences between treatments
were identified using Duncan’s multiple comparison test
(p < 0.05). Under drought stress conditions, the soluble
protein content in callus tissues increased significantly
compared with the control, ranging from 0.27 to 2.75
mg g' FW. The protein content of callus tissues exposed
to 5% PEG (P5) was approximately threefold higher than
that of the control. At a PEG concentration of 10% (P10),
protein levels increased to approximately 4.5-fold higher

than those of the control. Conversely, the protein content
of callus tissues cultured with 15% PEG was lower than
that of the control (Figure 2).

3.3. Effects of in vitro drought stress on MDA and
hydrogen peroxide contents

Compared with the control, lipid peroxidation increased
significantly under drought stress conditions, ranging
from 0.65 to 6.84 mg g~' FW. The highest malondialdehyde
(MDA) content was recorded in callus tissues exposed
to 8 Gy gamma radiation and treated with 5% PEG.
Specifically, the MDA content in callus tissues subjected
to 5% PEG was approximately sevenfold greater than
that of the control. This increase in MDA levels appears
to be associated with the effective mutation dose of 8 Gy
gamma radiation (Figure 3a). H,O; levels also increased
significantly under drought stress compared with the
control, with concentrations ranging from 0.1 to 47.5 mg
¢! FW. The highest H,O, concentrations were recorded
in callus tissues subjected to 8 Gy gamma radiation
combined with 10% PEG (44 mg g FW) and 9 Gy
gamma radiation combined with 5% PEG (47.5 mg g
FW). These two treatments showed statistically similar
responses to drought stress and were categorized within
the same statistical group. Compared with the control

(a)

(b)

(c)

Figure 1. (a) Effect of PEG on protein content in carrot calli. (b) Effect of PEG on
MDA and H,0, levels in carrot calli. (c) Effect of PEG on H,O, levels in carrot calli.
(1) Control (C); (2) C + P5; (3) C + P10; (4) 7 Gy + P0; (5) 7 Gy + P5; (6) 7 Gy +
P10; (7) 8 Gy + P0; (8) 8 Gy + P5; (9) 8 Gy + P10; (10) 9 Gy + P0; (11) 9 Gy + P5.

Table. Callus formation at different gamma irradiation doses and PEG concentrations.

Callus amounts as affected by PEG concentration (%)
Irradiation dose (Gy)

%0 5% 10%
0 4.61 a 4.16 a 3.57a
7 3.80b 3.60 a 3.20a
8 3.40 be 323b 2.36b
9 3.20c¢c 2.33¢c -

Data represent mean values obtained from three independent experiments, each comprising three replicates. Means within the same
column followed by the same letter were not significantly different at p < 0.05.
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callus tissues, the highest H,O, concentration represented
an approximately 475-fold increase (Figure 3b).

3.4. Effects of in vitro drought stress on antioxidant
enzyme activities

These observations indicated that black carrot calli
regenerated under PEG-induced drought stress exhibited
variable enzyme activities depending on the applied
gamma radiation dose and PEG concentration. Specifically,
the enzymes SOD, CAT, and APX exhibited similar
response patterns. Compared with the control group, the
highest enzyme activities were recorded in callus tissues
treated with 5% PEG, measuring 223 U mg™' protein for
SOD, 22.456 U mg™! protein for CAT, and 1672.743 U mg™'
protein for APX (Figures 4a—4c).

Data analysis revealed significant effects of gamma
irradiation dose and drought stress on antioxidant enzyme
activity. Compared with control tissues, superoxide
dismutase (SOD) activity increased markedly with
increasing drought stress, reaching its peak (223.82 U mg™'
protein) in callus tissues treated with 5% PEG. Similarly,
ascorbate peroxidase (APX) activity was highest in calli
treated with 5% PEG. Under increased drought stress,
APX activity reached its maximum in association with
hydrogen peroxide (H,O,) accumulation. Compared with
the control group, drought conditions led to significant
increases in enzyme activities, with CAT, SOD, and APX
activities increasing by approximately 964%, 944%, and
943%, respectively.

Soluable protein (mg g*)
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Figure 2. Effect of PEG on protein content in carrot calli (1) Control (C);
(2) C + P5; (3) C + P10; (4) 7 Gy + P0; (5) 7 Gy + P5; (6) 7 Gy + P10; (7)
8 Gy + P0; (8) 8 Gy + P5; (9) 8 Gy + P10; (10) 9 Gy + P0; (11) 9 Gy + P5.
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Figure 3. (a) Effect of PEG on MDA levels in carrot calli; (b) effect of PEG on H,0,
levels. (1) Control (C); (2) C + P5; (3) C + P10; (4) 7 Gy + PO0; (5) 7 Gy + P5; (6) 7 Gy
+P10; (7) 8 Gy + P0; (8) 8 Gy + P5; (9) 8 Gy + P10; (10) 9 Gy + P0; (11) 9 Gy + P5.
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Figure 4. Effect of PEG on SOD, CAT, and APX activities in carrot calli. (1) Control (C); (2) C + P5; (3) C + P10; (4)
7 Gy + P0; (5) 7 Gy + P0; (6) 7 Gy + P10; (7) 8 Gy + PO0; (8) 8 Gy + P5; (9) 8 Gy + P10; (10) 9 Gy + P0; (11) 9 Gy + P5.

3.5. Correlation analysis

To examine the relative contributions of individual
variables to the second principal component (Dim-2), a
contribution analysis was performed (Figure 5a). The bar
graph highlights the percentage contribution of several
variables to the dimension labelled “Dim-2 Peroxidase
(POX) showed the highest contribution, slightly exceeding
40%, and thus represented the dominant variable
associated with Dim-2. H,O, contributed approximately
25%, followed by MDA at around 15%, while protein
showed a contribution close to 10%. In contrast, SOD,
CAT, and APX displayed minimal contributions, each
contributing less than 5%. Overall, the analysis indicates
that POX, H,O,, and MDA were the variables most strongly
associated with Dim-2 (Figure 5a). The scree plot presents
the proportion of explained variance for each dimension.
The first principal component accounted for 53.3% of the
total variance, the second explained 23.3%, and the third
accounted for 13.9%. Subsequent components contributed
less, with the fourth explaining 7% and the fifth 2.4%, while
the sixth, seventh, and eighth components contributed
negligibly (Figure 5b).

The principal component analysis (PCA) biplot
displayed the distribution of variables and treatments based
on the first two principal components, which together
explained 76.6% of the total variance. POX and H,O,
were positioned close to each other, indicating a strong
association between these variables. Several treatments (8
Gy + 5% PEG, 7 Gy + 5% PEG, 8 Gy + 0% PEG, and 9
Gy + 0% PEG) clustered on the negative side of Dim-2,
suggesting that these treatments shared similar response
patterns within the multivariate space. In contrast, APX,
CAT, and SOD were located on the positive side of Dim-
2, reflecting a distinct association pattern relative to the
other variables and treatments (Figure 6a). The PCA
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further illustrated relationships among the variables based
on the first two principal components. POX and H,O,
were positioned on opposite sides of the origin, indicating
a negative correlation between these variables. MDA
was located near POX, suggesting a positive association
between these variables, whereas protein was positioned
on the opposite side, reflecting a different relationship
pattern. APX, SOD, and CAT clustered together on the
positive side of the first principal component (Dim-1),
indicating that they contributed similarly to the observed
variance. The color gradient reflected variable contribution
values, with higher contributions represented by warmer
colors (Figure 6b).

The correlation heatmap showed significant
relationships among oxidative stress markers and
antioxidant enzymes. APX, SOD, and CAT exhibited
very strong positive correlations (r =~ 0.99-1.00; p <
0.01), indicating a high degree of covariation among
these enzymes. These enzymes were strongly negatively
correlated with protein content (r = -0.80 to -0.81; p <
0.01), demonstrating an inverse association between
protein levels and antioxidant enzyme activity. In contrast,
MDA, POX, and H,O, displayed mostly nonsignificant
correlations with the other variables, suggesting that their
variation was largely independent within the context of this
dataset. Collectively, these patterns reflected coordinated
associations among antioxidant enzymes and inverse
relationships with protein levels, whereas oxidative stress
markers exhibited distinct correlation profiles.

The contribution analysis further showed that SOD,
CAT, and APX were the variables most strongly associated
with Dim-1, each accounting for more than 20% of the
total variance. Protein exhibited a moderate contribution,
whereas MDA, H,O,, and POX contributed minimally to
this dimension (Figure 5c¢).
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Figure 5. (a) Contribution of variables to Dim-2, highlighting the major contributions of POX,
H,0,,and MDA. (b) Scree plot showing the proportion of variance explained by each dimension. (c)
Contribution of variables to Dim-1, with SOD, CAT, and APX showing the highest contributions,
protein showing a moderate contribution, and MDA, H,0,, and POX contributing minimally.
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Figure 6. (a) PCA biplot illustrates the distribution of treatments and variables along Dim-1 (53.3%) and
Dim-2 (23.3%), highlighting clustering patterns and variable relationships. (b) Correlation plot showing
relationships among variables, with position and color gradients indicating relative contribution levels.
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4, Discussion

4.1. Effects of drought stress on soluble protein content
Drought and other abiotic stresses induce protective
biochemical responses in plants, primarily through the
enhanced synthesis of stress-responsive proteins that
support physiological adjustments, such as osmotic
regulation and the maintenance of cellular functions
under limited water availability (Xie et al., 2005). In the
present study, PEG-induced drought stress caused a
marked increase in soluble protein levels in black carrot
callus tissues, indicating the activation of cellular defense
pathways. This response likely reflected the induction of
stress-associated proteins, including antioxidant enzymes,
lipid transfer proteins, and dehydrins, which contribute to
cellular stability and metabolic adjustment under drought
conditions.

The observed increase in protein accumulation is
consistent with previous reports showing that drought-
responsive transcription factors activate stress-related
genes by binding to cis-regulatory promoter regions,
thereby enhancing dehydration tolerance (Samota et al.,
2017; Saha et al., 2022). Similar regulatory mechanisms
have been documented in several plant species, including
rice and soybean, suggesting a conserved molecular
response to drought stress (Alam et al., 2010; Samota et al.,
2017). The induction of comparable protein responses in
PEG-treated black carrot calli supported the involvement
of shared stress-adaptive pathways.

Furthermore, drought tolerance has been closely
associated with the accumulation of late embryogenesis
abundant (LEA) proteins, which stabilize cellular
structures, prevent protein denaturation, and maintain
membrane integrity during dehydration and rehydration
cycles (Kosova et al., 2014; Chen et al., 2021). Increased
synthesis of drought-induced proteins has also been
reported in maize under water deficit conditions, further
corroborating the findings of the present study (Riccardi et
al., 1998; Ti-da et al., 2006).

In conclusion, the elevated soluble protein levels
observed in drought-stressed callus tissues were in
agreement with earlier studies and underscored the pivotal
role of stress-responsive proteins in enhancing drought
tolerance at the cellular level.

4.2. Effects of drought stress on lipid peroxidation and
hydrogen peroxide contents

Drought stress significantly increased oxidative damage
in carrot callus tissues, as evidenced by elevated
malondialdehyde (MDA) levels. The highest MDA levels
were observed under the combined 8 Gy gamma irradiation
and 5% PEG-induced drought stress, indicating intensified
oxidative damage. This enhanced lipid peroxidation
likely resulted from increased accumulation of reactive
oxygen species (ROS), which accelerates membrane lipid
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oxidation under drought stress conditions (Cheng et al.,
2018). Elevated malondialdehyde (MDA) levels are a well-
established indicator of membrane damage and reflect
the severity of oxidative stress imposed on plant tissues
(Cheng et al., 2018).

Variations in MDA levels among treatments may
be attributed to differences in antioxidant capacity
and susceptibility to lipid peroxidation between
undifferentiated callus tissues and differentiated plant
organs, such as leaves and roots (Taiz, 2006). Due to
their homogeneous and undifferentiated nature, callus
tissues may also exhibit distinct hormonal and metabolic
responses to drought stress and gamma irradiation, leading
to the activation of specific signaling pathways regulating
oxidative stress responses (Taiz, 2006; Cheng et al., 2018).

Consistent with previous reports, drought stress has
been widely associated with increased oxidative stress
markers, including MDA, across diverse plant species
(Zhong et al.,, 2021; Zhao et al., 2022). Recent studies have
further confirmed that drought-induced ROS production
intensifies lipid peroxidation and cellular damage in plant
tissues (Ghani et al., 2022a; Ghani et al., 2022b; Qi et al.,
2023). Accordingly, the elevated MDA levels observed in
this study supported existing evidence linking drought
stress with oxidative membrane damage.

In conclusion, the increased MDA concentrations
detected under combined drought and gamma irradiation
stress highlighted membrane lipid peroxidation as a
common physiological consequence of oxidative stress in
plant tissues.

4.3. Effects of drought stress on antioxidant enzyme
activities
The increased antioxidant enzyme activities observed
in gamma-irradiated carrot callus tissues under drought
stress were closely aligned with findings from previous
studies across various plant species. Enzymes such
as catalase (CAT), ascorbate peroxidase (APX), and
superoxide dismutase (SOD) are critical components of
the plant antioxidant defense system and actively detoxify
reactive oxygen species (ROS) generated under stressful
conditions. The substantial increase in enzyme activities
observed in this study indicated that gamma-irradiated
carrot calli strongly activated their antioxidant defense
pathways under drought stress, thereby supporting
enhanced cellular protection and stress adaptation.
Previous studies have consistently shown that
drought stress significantly enhances the activities of key
antioxidant enzymes, including catalase (CAT), ascorbate
peroxidase (APX), and superoxide dismutase (SOD),
supporting the findings of the present study. Increased
CAT activity under drought conditions has been closely
associated with the detoxification of hydrogen peroxide,
thereby preventing oxidative damage to cellular proteins



TURAN BUYUKDINGC et al. / Turk J Agric For

and membranes (Jung, 2004). Similarly, elevated APX and
SOD activities have been linked to improved tolerance
against drought-induced oxidative stress in a wide range of
plant species, including banana, rice, melon, and pumpkin
(Chai et al., 2005; Shehab et al., 2010; Kusvuran et al., 2010;
Kiran et al., 2013; Yasar et al., 2014).

Stress conditions are also known to trigger coordinated
genetic responses, leading to the activation of genes
associated with somatic embryogenesis. These molecular
changes are frequently accompanied by fluctuations in
antioxidant enzyme activities, particularly CAT and SOD,
during the transition from somatic to embryogenic cells,
as reported in Arabidopsis thaliana and Crocus sativus
(Ikeda-Iwai etal., 2003; Blazquez et al., 2009). Such findings
suggest a close link between oxidative stress regulation and
cellular reprogramming under in vitro stress conditions.

Consistent with the present results, increased APX and
SOD activities have been shown to enhance protection
against drought-induced oxidative damage in banana and
rice calli (Chai et al., 2005; Shehab et al., 2010). Differential
antioxidant enzyme responses under abiotic stress have
also been reported in Salicornia species and cactus tissues,
emphasizing the critical roles of CAT and APX in stress
adaptation (Torabi and Niknam, 2011; Balen et al., 2013).
Moreover, comparative studies indicate that elevated
antioxidant enzyme activities are reliable indicators
of drought tolerance across genotypes, irrespective of
sensitivity, as demonstrated in black pepper, melon, and
pumpkin genotypes (Kusvuran et al., 2010; Vijayakumari
and Puthur, 2014; Yasar et al., 2014).

Although most studies report enhanced antioxidant
enzyme activities under drought stress, some variability
exists. For instance, Smirnoff and Colombe (2000)
observed no significant changes in APX activity under
drought conditions, suggesting that enzyme responses
may vary depending on species, developmental stage,
stress severity, and experimental design. Such variability
highlights the complexity of antioxidant regulation under
stress.

In agreement with the present findings, Razavizadeh
and Komatsu (2018) reported increased CAT and SOD
activities in Carum copticum callus tissues and seedlings
exposed to mannitol-induced drought stress, emphasizing
the pivotal role of CAT in the antioxidant defense of
undifferentiated tissues. Collectively, these findings
strongly supported the observed enhancement of CAT,
APX, and SOD activities in mutant carrot callus tissues
under drought stress, underscoring their central role in
stress adaptation and cellular survival.

Multivariate analysis further supported these
conclusions by revealing complex interactions among
oxidative stress markers and antioxidant defenses.
Principal component analysis (PCA) showed that the

first two principal components accounted for more than
76% of the total variance. POX, H,0,, and MDA were the
major contributors to the second principal component,
highlighting their central roles in oxidative stress and
lipid peroxidation processes. The PCA biplot revealed a
negative correlation between POX and H,O,, suggesting
distinct regulatory mechanisms governing these markers.
Treatments clustered on the negative side of the second
principal component exhibited similar response patterns,
potentially reflecting adaptive antioxidant responses.

Correlation heatmap analysis further demonstrated
strong positive correlations among antioxidant enzymes
(CAT, APX, and SOD), indicating coordinated regulation
under drought stress. In contrast, their inverse relationship
with soluble protein content suggested a shift in metabolic
resource allocation toward antioxidant defense. The weak
correlations between oxidative damage markers and
antioxidant enzymes implied the involvement of partially
independent regulatory pathways. Overall, these results
highlighted the complexity of antioxidant regulation and
emphasized the crucial role of coordinated enzymatic
defense systems in mitigating drought-induced oxidative
stress.

Collectively, these findings indicated that gamma
irradiation may be a useful tool for inducing stress-
responsive variation under controlled in vitro conditions.
The strong contribution of antioxidant enzymes to overall
variance confirmed their central role in mitigating stress,
whereas the independent regulation of oxidative damage
markers suggested that multiple pathways are involved.
Through this integrated approach, the understanding of
plant stress physiology was enhanced, and future strategies
to improve stress tolerance may be informed by targeting
key antioxidant systems.

5. Conclusion

In the present study, rapid in vitro development and
multiplication of gamma-irradiated black carrot genotypes
under drought stress were demonstrated. A preliminary
framework for future molecular and physiological
investigations of drought stress responses was provided
by this study. Specifically, the identification of mutant
genes in these drought-resistant genotypes may be used to
significantly advance molecular characterization studies,
including next-generation sequencing and CRISPR-Cas9-
based gene-editing applications. The variation generated
through the methodology used in this study was shown to
have strong potential to contribute to future efforts aimed
at improving drought stress tolerance. Furthermore, it was
indicated by these findings that gamma irradiation may
be a useful tool for inducing stress-responsive variation
under controlled in vitro conditions, thereby highlighting
the essential role of these mechanisms in supporting plant
adaptation and survival under drought-stress conditions.
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