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Abstract. Salt stress is one of the major abiotic stresses that
affects the growth and development of the carrot. To evaluate its
function in carrot salt tolerance, a pot experiment was conducted
with three salinity levels (0, 60, and 120 mM NaCl) and three
L-phenylalanine concentrations (0, 100, and 200 ppm). Salt stress
significantly reduced the shoot fresh weight by 28% and the root
dry weight by 50%, respectively. Under salinity (120 mM), pho-
tosynthetic pigments such as total chlorophyll content decreased
by 35% and carotenoids by 28%, while H,O, and MDA increased
by 35.5 and 27%. Additionally, Na* accumulation increased
and K* and Ca*" accumulation declined. The foliar application
of L-phenylalanine (200 ppm) increased the shoot fresh weight
by 38% and the root dry weight by 92%, total chlorophyll and
carotenoids increased by 54 and 39%, respectively. Upon the
foliar application of L-phenylalanine, SOD increased by 54%,
CAT by 43%, and POD by 36% under salt stress. Non-enzymatic
antioxidants, such as leaf ascorbic acid content increased by
32%, flavonoids by 39%, and anthocyanins by 50%. K+ and Ca>*
accumulation increased after the application of L-phenylalanine.
Overall, L-phenylalanine improved morpho-physiological per-
formance, suggesting its potential as a biostimulant for carrot
production under saline conditions.

Keywords: carrot (Daucus carota L.), salinity stress,
L-phenylalanine, antioxidant defense, secondary metabolites,
osmolytes

*Corresponding author e-mail: tahrimramzan241@gmail.com,

tahrimramzan@nwafu.edu.cnl
**This work was funding by the Deanship of Research and
Graduate Studies at King Khalid University through Large
Research Project under grant number RGP2/351/46.

1. INTRODUCTION

One of the significant cool-season root vegetables cul-
tivated and benefited from worldwide is the carrot (Daucus
carota L.) (Kalia et al., 2023). Carrots are considered to
be crucial to the livelihoods of millions of people world-
wide. They are grown around the world, but particularly
in temperate climates (Djoufack ef al., 2024). Carrot grain
characteristics are influenced differently by moisture con-
tent (Gaadhe ef al, 2022). It is widely recognized for its
nutritional content and is rich in antioxidants, particularly
carotenoids, which have been demonstrated to have anti-
cancer effects. With 50% carotene content, carrot pomace
has been identified as a useful byproduct that may be used
to make a variety of utilitarian items and enhance culinary
products like bread, cakes, and biscuits (Ikram et al., 2024).

Carrot yields range from 30 to 100 tons per hectare
worldwide. Vitamins A, C, and B, as well as proteins, min-
erals, and fiber, are abundant in carrots. Vitamin C helps
repair wounds and regulate allergies. In the meantime,
vitamin A is essential for immune system function, bone
formation, eyesight, and reproduction (Gelaye et al., 2024).
Carrots can be a valuable produce for combating food inse-
curity. Currently, large amounts of carrots are canned or
frozen, either as standalone products or in combination
with other vegetables (Eze et al., 2024).
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Salinity stress is harmful to the health of carrot (Daucus
carota L.) plants, as it causes osmotic stress, ionic toxic-
ity, oxidative damage, and metabolic disruption. High
sodium content in the root zone decreases the potential of
soil water to take in water, decreasing water uptake and
inducing osmotic stress, which decreases cell turgor, inhib-
its cell expansion, and reduces root and shoot development
(Kietkowska et al., 2019). At the same time, Na" and CI
ion excess disrupts ionic homeostasis and competes with
important nutrients like K* and Ca*", leading to nutrient
imbalance and disrupted enzymatic functions (Ramzan et
al., 2025; Kaminska ef al., 2022). Salinity causes a decrease
in the content of chlorophyll and photosynthetic efficiency,
as well as closing stomata and destroying the ultrastructure
of chloroplasts, thereby limiting CO, uptake and energy
generation (Kaminska et al., 2022). Besides, salinity stress
increases the production of reactive oxygen species (ROS),
leading to lipid peroxidation, protein oxidation, and desta-
bilization of the membrane; despite inducing antioxidant
defense systems and accumulating osmoprotectants such as
proline to counteract oxidative stress in carrots, continued
or extreme salinity overloads these systems, and eventually
halts carrot growth, root quality, and plant vigor (Simpson
etal, 2018).

Salt stress can significantly impair plant cell walls and
interfere with regular plant growth and development, which
lowers yield and productivity (Ramzan et al., 2026ab).
Excessive salt buildup in soil, largely driven by human
activities such as overuse of fertilizers, poor land manage-
ment, and unsuitable irrigation practices, is a major cause
of this condition (Balasubramaniam et al., 2023). Salt stress
causes oxidative and osmotic stress, ion toxicity, nutrition-
al and hormonal abnormalities and a rise in plant disease
vulnerability (Hasanuzzaman et al., 2022). By altering the
metabolic processes of plants, it causes an electrolyte im-
balance and has a significant impact on their growth and
production globally (Ramzan et al., 2025; Kesawat ef al.,
2023). To combat abiotic challenges, plants can use a va-
riety of defense strategies such as application of different
plant growth regulators (Muzafar et al., 2026; Khursheed
et al., 2024; Haider ef al., 2026ab; Ramzan ef al., 2025).

An essential aromatic amino acid, L-phenylalanine
(Phe), serves as a primary and secondary metabolite invol-
ved in various biological processes (Ramzan et al., 2023;
Almas et al., 2021). L-phenylalanine is a potential and
inexpensive biostimulant that can increase plant resist-
ance to abiotic stress (Ramzan et al., 2023). Additionally,
according to Adams et al. (2019), it acts as a precursor for
a number of phenolic chemicals, including flavonoids,
lignin, benzenoids, condensed tannins, and phenyl pro-
panoid volatiles, all of which support the plant’s defense
against adverse environmental circumstances such as
salinity. Studies on the antioxidant activities and growth
of soybean (Teixeira et al., 2019), common sage (Samani
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et al, 2019), and tomato (Almas et al, 2021), have
shown favorable outcomes from the foliar application of
L-phenylalanine.

It has been demonstrated that foliar supplementation
of aromatic amino acids, such as Phe, increases the accu-
mulation of total phenolics and flavonoids, improving the
antioxidant capacity of plants under stress (Abd El-Mageed
et al., 2023). Adding nutrients from bioregulators, which
control numerous physiological and biological processes at
the metabolism and whole plant levels, can strengthen plant’s
defenses against environmental stress (Hayat ez al., 2024;
Magbool et al., 2024). Low production and productivity are
still problems that can be resolved through the biosynthesis
of molecules produced from L-phenylalanine (Qiu et al.,
2024). To combat salt stress, the extract of L-phenylalanine
is an easy-to-use, reasonably priced, locally produced, and
environmentally acceptable substitute for growth regula-
tors. It was proposed that using L-phenylalanine topically
might increase carrot tolerance to salinity stress. Despite
these innovations, the role of L-phenylalanine in regulating
salinity responses of carrot was not studied earlier, and this
is a critical knowledge gap. This study hypothesized that
foliar application of L-phenylalanine could alleviate the det-
rimental impacts of salinity stress in carrots. The objective
of this study was to assess the impact of L-phenylalanine on
morpho-physiological aspects of carrot under salinity stress
and to investigate the activity of antioxidants, osmolytes,
and mineral ions in carrot under salinity stress.

2. MATERIAL AND METHODS

The experimental work was executed at the Old
Botanical Garden, University of Agriculture Faisalabad,
Pakistan, to evaluate the effects of L-phenylalanine (Phe)
on the morphological and physiological traits of carrot
(Daucus carota L.). The experiment was conducted in 36
pots and one variety of D. carota L. T29, and its seeds
were acquired from Ayub Agriculture Research Institute,
Faisalabad. Each pot was loaded with 7 kg of sand and 15
seeds sown in each pot. After establishment of seedlings
for two weeks, thinning was done to retain 6 plants per pot.
The experiment was laid out in a Completely Randomized
Design (CRD) with four replications per treatment. Full-
strength Hoagland’s solution was applied to all pots, and
salinity stress was imposed after 4 weeks of sowing at three
levels (0 mM, 60 mM, and 120 mM). L-phenylalanine at 100
and 200 ppm was separately mixed with distilled water, and
the solution was administered as foliar sprays at the vegeta-
tive stage of carrot 45 DAS. One liter of distilled water was
used to dissolve 100 and 200 mg L of L-phenylalanine
to create 100 and 200 ppm L-phenylalanine solutions,
respectively. The solutions were applied as foliar sprays
until the leaves were uniformly wet in the early morning
after a few drops of Tween-20 were added as a surfactant. To
provide the carrot crop with sufficient nutrients, Hoagland’s
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solution was used weekly until harvesting. After two weeks
of foliar application with L-phenylalanine, plants were har-
vested to examine the morphological, photosynthetic, and
biochemical attributes of carrot.

2.1. Determination of morphological parameters

After harvesting plant samples, shoots and roots were
separated to record the fresh weight of roots with the use of
an electronic weighing balance. A digital electronic balance
(Model; OHAUS Corporation, USA) was used to measure
the shoot fresh weight of the plant samples. A measuring
tape was used to record the length of plant shoots and roots.
After harvesting, the plant samples were air dried for three
days. After drying the plants, the samples were kept in an
oven at 65°C for two weeks. Subsequently, the dry weight
of the roots and shoots was measured using a weight bal-
ance machine.

2.2. Photosynthetic pigments

Photosynthetic pigments, including chlorophyll a,
chlorophyll b, and carotenoids, were quantified according
the procedure outlined by Arnon (1949). For each replicate,
approximately 0.1 g of leaf tissue was collected, finely
chopped, and placed into labeled plastic containers. Each
sample was treated with 5 mL of 80% acetone. The contain-
ers were placed in darkness at room temperature overnight to
allow pigment extraction. Following incubation, a spectro-
photometer was used to measure absorbance at wavelengths
of 663, 645, and 480 nm. The concentrations of chlorophyll
and carotenoids were then calculated using specific equa-
tions derived from the absorbance readings.

Chlorophyll a (mg g' FW) = (12.7 x A663) — (2.69 x A645),
Chlorophyll b (mg g"' FW) = (22.9 x A645) — (4.68 x A663),
Total Chlorophyll (mg g" FW) = (20.2 x A645) + (8.02 x A663),

Carotenoids (mg g FW) = (A480 + 0.114 x A663 — 0.638
x A645) x V / (1000 x W),

where: V is the volume of the extract (mL), W is the weight
of the fresh leaf (g), A is the absorbance at the respective
wavelengths.

2.3. Hydrogen peroxide (H,0,)

The hydrogen peroxide concentration was assessed in
accordance with a modified protocol based on Velikova
et al. (2000). A 0.5% trichloroacetic acid (TCA) solution
(5 mL) was prepared, and approximately 0.25 g of leaf tis-
sue was finely ground using a chilled mortar and pestle. The
resulting homogenate was then centrifuged at 12000 rpm
for 12 min to separate the supernatant. To 500 pL of the
obtained supernatant, equal volumes (500 pL each) of
phosphate buffer and potassium iodide (KI) solution were
added. The mixture was then vortexed thoroughly to ensure
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proper mixing. The absorbance readings of the prepared
solution were taken at 390 nm using a spectrophotometer
(Model, WE 721 WeLab instrument Limited).

2.4. Malondialdehyde (MDA)

Malondialdehyde (MDA) content was determined fol-
lowing the method described by Cakmak and Horst (1991),
with slight modifications for precision. A quantity of 0.25 g
of leaf tissue was homogenized in 3 mL of 0.5% trichloro-
acetic acid (TCA). The homogenate was then transferred to
Eppendorf tubes and centrifuged at 12000 rpm for 12 min
to isolate the supernatant. One milliliter of the clear super-
natant was mixed with 1 mL of 0.5% thiobarbituric acid
(TBA) in labeled test tubes. To prevent oxidation, the
tubes were covered with aluminum foil and incubated in
a water bath at 95°C for 15 min. Immediately after incuba-
tion, the tubes were rapidly cooled in an ice bath for 15 min
to halt the reaction. The optical density of the samples was
determined at 532 nm using a spectrophotometer, and non-
specific turbidity was corrected by measuring absorbance
at 600 nm. (Model: WE 721 WeLab Instruments Ltd.).

2.5. Determination of antioxidants

2.5.1. Superoxide dismutase

The role of superoxide dismutase was evaluated based
on the protocol described by Spitz and Oberley (2001),
using a quartz cuvette for accurate spectrophotometric
measurements. Reagents were introduced in a defined
order; initially, 400 pL of distilled water was added.
Subsequently, 250 pL of potassium phosphate buffer,
100 pL of L-methionine, 100 pL of Triton X, 50 pL of nitro
blue tetrazolium (NBT), and 50 pL of the leaf extract were
added. Lastly, 50 pL of riboflavin was mixed to complete
the reaction mixture. The cuvettes were illuminated with
a steady light source for 15-20 min to induce the photo-
chemical reaction. A blank was prepared and measured
after 15 min to ensure accuracy. Absorbance for all sam-
ples was then recorded at a wavelength of 560 nm using
a spectrophotometer (Model, WE 721 WeLab instrument
Limited).

2.5.2. Peroxidase

Peroxidase activity was assessed based on the method
of Chance and Maehly (1955), with slight modifications.
The reaction mixture was prepared in a cuvette by sequen-
tially combining 750 pL of phosphate buffer, 100 pL
of guaiacol, 50 pL of leaf extract, and 100 puL of hydro-
gen peroxide (H20:). The change in absorbance, indicat-
ing enzyme activity, was monitored at 470 nm using
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a spectrophotometer (Model: WE 721 We Lab Instruments
Ltd.). Readings were recorded at regular time intervals of 0,
30, 60, and 90 s to assess the rate of the reaction.

2.5.3. Catalase

Catalase activity was tested using the Chance and
Machly (1955) approach. The cuvette was loaded with
1,000 pL of carrot leaf extract homogenized in 1.9 mL of
chilled phosphate buffer and 1 mL of hydrogen peroxide
(H202) in order to measure the absorbance at 240 nm using
a spectrophotometer (Model, WE 721 WeLab instrument
Limited) at 0, 30, 60, and 90%.

2.6. Determination of non-enzymatic antioxidants

Fresh leaf material (100 mg) was mashed and stored
from each sample using the ascorbic acid content method
outlined by Mukherjee and Chaudhuri (1983). For this, 5 mL
of TCA at 6% were used. The sample was centrifuged at
12000 rpm for 12 min, and the resulting supernatant was
collected and stored for further analysis. These test tubes
were filled with one milliliter of the supernatant, 2 mL
of 25% DNPH, and one drop of thiourea. The test tubes
were incubated in a water bath at 50°C for 20 min and
subsequently placed in an ice bath to stop the reaction.
Next, each test tube received 2.5 ml of 80% H,SO,. A spec-
trophotometer (Model: WE 721WeLab instrument Limited)
was used for measuring absorbance at 530 nm.

The Starck and Wray (1989) method was used to esti-
mate the quantity of anthocyanin. Two milliliters of acidi-
fied methanol and 0.1 g of freshly crushed leaf material were
added to each test tube containing a sample. After incuba-
tion at 90°C for 60 min, the absorbance of each sample was
determined at 535 nm using a spectrophotometer.

Flavonoid levels in the samples were assessed using the
Marinova et al. (2005) method. 100 mg of fresh leaf mate-
rial was steeped in 5 mL of an 80% acetone solution for 10
to 20 h. Each test tube received 1 mL of the leaf extract and
4 mL of distilled water on the next day. The test tubes were
then allowed to stand for five minutes. Subsequently, 600 uL
of 55% sodium nitro oxide (NaNO,) and several liters of
10% AICI; were added. After approximately one minute,
the mixture in the test tubes was adjusted with 24 mL of
distilled water and 2 pL of 1M sodium hydroxide (NaOH).
Absorbance was measured using a spectrophotometer
(Model: WE 721 WeLab instrument Limited) at 510 nm.

2.7. Determination of total soluble protein content

According to the method of Bradford (1976), 0.25 g of
fresh leaf tissue was homogenized in 5 mL of phosphate
buffer. The resulting homogenate was transferred into
labeled Eppendorf tubes and centrifuged at 12000 rpm
for 12 min. After centrifugation, the supernatant was care-
fully collected into fresh Eppendorf tubes, and the pellet
was discarded. After only five milliliters of this supernatant
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were extracted, five milliliters of Bradford reagent was dis-
pensed into all test tubes. The materials are vortexed and
their absorbance was confirmed using a spectrophotometer
(Model, WE 721 Welab instrument Limited) adjusted to
595 nm.

2.8. Determination of total soluble sugars

Total soluble sugars were quantified using the method
proposed by Yoshida ef al. (1976). Each test tube received
10 mL of distilled water and 100 uL of the leaf samples
separately. The incubation of the test tubes was carried out
in a water bath set at 90°C for one hour. After removing
the samples, 50 mL of distilled water were added to the
test tubes to dilute the samples. Five milliliters of Anthrone
reagent was added to 1.5 mL of the diluted samples in new
test tubes. Next, the samples were immersed in a water bath
at 90°C for 20 min. After 20 min, the samples were allowed
to settle to ambient temperature for a long time. Lastly
a spectrophotometer (WeLab instrument Limited, model
WE 721) was used to measure absorbance at 620 nm.

2.9. Determination of ions

The Allen et al. (1986) method was used to measure
ions. For this, the digestion flasks only received 0.1 g of the
chopped, oven-dried plant samples. Additionally, two mil-
liliters of pure H,SO, were added to the flasks, which were
then kept in the dark for ten to twenty hours. Ten hours lat-
er, one milliliter of H,0, was added to the digesting flasks,
which were placed on a hot plate. Until the mixture became
transparent or colorless, the hot plate was left on. After
removing the samples from the hot plate, each sample was
diluted with 50 mL of distilled water. The solutions were
filtered using the Whatman filter paper contained in plastic
bottles. The concentrations of Na*, Ca?", and K" in the shoot
and root tissues were determined using a flame photometer
(Model, Sherwood 410).

2.10. Statistical analysis

The experiment followed a completely randomized
design (CRD) with four replications. Data were analyzed
using CO-STAT software to determine the significance of
treatment effects, and analysis of variance (ANOVA) was
applied to assess the results. Statistix 8.1 software was used
for lettering, and Tukey’s test was used to compare the
means. R-studio (v4.3.3), a statistical tool, was utilized for
creating the heatmap with a dendrogram, and the Pearson
correlation coefficient, Originpro (V2024), was used to
perform PCA analysis. The graphical abstract diagram was
made by using Biorender, and Microsoft Excel (Version,
2016) was used to make the graphs.
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3. RESULTS

3.1. Morphological parameters

The statistical analysis revealed that salinity stress,
L-phenylalanine (Phe) application, and their interaction
significantly influenced the response on the morpho-phys-
iological parameters of carrot plants. Shoot fresh weight
(SFW) was reduced by 12%, root fresh weight (REW) by
20%, shoot dry weight (SDW) by 13%, root dry weight
(RDW) by 24%, shoot length (SL) by 11%, and root length
(RL) by 7% under 60 mM salinity and further declined:
SFW by 28% and RFW by 43%, SDW by 36% and RDW
by 50%, SL by 33% and RL by 20%, respectively, under
120 mM salinity, compared to the control. Under 60 mM
salinity stress, the application of 100 ppm Phe enhanced
the shoot fresh weight by 8%, root fresh weight by 27%,
shoot dry weight by 32%, root dry weight by 33%, shoot
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length by 17%, and root length by 8%, while the appli-
cation of 200 ppm Phe improved SFW by 38%, RFW by
46%, SDW by 51%, RDW by 45%, SL by 23%, and RL by
20%, relative to 0 ppm L-phenylalanine. At 120 mM sali-
nity, the respective enhancements were 14% in shoot fresh
weight, 35% in root fresh weight, 55% in shoot dry weight,
67% in root dry weight, 16% in shoot length, and 17% in
root length under 100 ppm Phe, while the variant with 200
ppm Phe increased SFW by 28%, RFW by 68%, SDW by
64%, RDW by 92%, SL by 34%, and RL by 31% in com-
parison with 0 ppm L-phenylalanine. The overall results
showed that the salinity stress decreased the morphological
parameters of carrot, while the foliar application with Phe
showed improvement in all morphological parameters, and
the maximum enhancement was observed at 200 ppm Phe

(Fig. 1).
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Fig. 1. Effect of L-phenylalanine on: a) shoot length (cm), b) root length (cm), c) shoot fresh weight (g), d) shoot dry weight (g),
e) root fresh weight (g), f) and root dry weight (g) in carrot (T29) under salinity stress. Variety (V1) =T-29, SO = control, S1 = 60 mM,

S2 = 120 mM, L-phenylalanine = control (0 ppm), L-phenylalanine

(100 ppm) and L-phenylalanine (200 ppm). Error bars sharing the

same lettering for a parameter indicate non-significant differences at a significance level of p<0.05.
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Fig. 2. Effect of L-phenylalanine on: a) chlorophyll a (mg g f.wt), b) chlorophyll b (mg g™ f.wt), ¢) chlorophyll a/b, d) total chlorophyll
(mg g f.wt) and e) carotenoids (mg g™ f.wt) ratio in carrot (T29) under salinity stress. Variety (V1) = T-29, SO = control, S1 = 60 mM,
S2 =120 mM, L-phenylalanine = control (0 ppm), L-phenylalanine (100 ppm) and L-phenylalanine (200 ppm). Error bars sharing the
same lettering for a parameter indicate non-significant differences at a significance level of p<0.05.

3.2. Photosynthetic pigments

The photosynthetic pigments in the carrot plants
were markedly influenced by salinity stress and the
L-phenylalanine application. Chlorophyll @ was suppressed
by 19%, chlorophyll b by 16%, the chlorophyll ab ratio by
2.7%, total chlorophyll by 17%, and carotenoids by 12%
under 60 mM salinity and further declined: Chl. a by 32%,
Chl. b by 38%, total Chl. by 35%, and carotenoids by 28%,
with a 9% increase in the Chl. ab ratio under 120 mM
salinity, compared to the control. At 60 mM salinity, the
application of 100 ppm Phe increased these pigments as
Chl. a by 26%, Chl. b by 16%, Chl. ab ratio by 12%, total
Chl. by 21%, and carotenoids 15%, while with 200 ppm
Phe enhanced Chl. a by 37%, Chl. b by 28%, Chl. ab ratio
by 9%, total Chl. by 33%, and carotenoids by 50% relative
to 0 ppm L-phenylalanine. At 120 mM salinity, the respec-
tive improvements were 25% in Chl. a, 32% in Chl. b, 28%

in total Chl., and 9% in carotenoids, with a 4.2% decrease
in the Chl. ab ratio at 100 ppm Phe. The treatment with
200 ppm resulted in an increase by 49% in Chl. a, 59%
in Chl. b, 58% in total Chl., and 39% in carotenoids and
a 14% decrease in the Chl. ab ratio, compared to 0 ppm
L-phenylalanine. The overall results showed that salin-
ity stress decreased the photosynthetic pigments in carrot
while the foliar application of Phe caused improvements
in all chlorophyll pigments and carotenoids, and the maxi-
mum enhancement was observed at 200 ppm Phe (Fig. 2).

3.3. Antioxidant enzymes and oxidative stress

The statistical analysis revealed that the levels of
oxidative stress indicators (H,O, and MDA) as well as
the activities of antioxidant enzymes in the carrot plants
were significantly modulated by the salinity stress and
L-phenylalanine treatment. H,O, was increased by 1.2% and
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Fig. 3. Effect of L-phenylalanine on: a) peroxidase (POD, mg™ protein), b) superoxide dismutase (SOD, mg™ protein), c) catalase
(CAT, mg protein), d) malondialdehyde (MDA, mmol g f.wt), and e) hydrogen peroxide (H,0,, umol g" f.wt) in carrot (T29) under
salinity stress. Variety (V1) = T-29, SO = control, S1 = 60 mM, S2 = 120 mM, L-phenylalanine = control (0 ppm), L-phenylalanine
(100 ppm) and L-phenylalanine (200 ppm). Error bars sharing the same lettering for a parameter indicate non-significant differences at

a significance level of p<0.05.

MDA by 15% under 60 mM salinity and further increased
by 3.05% in H,O, and 27% in MDA respectively under
120 mM salinity, compared to the control. At 60 mM sali-
nity, the application of 100 ppm Phe reduced H,0, and MDA
by 1.2 and 8.3%, respectively, while 200 ppm Phe further
decreased these parameters by 3.3% and 16%, relative to
0 ppm Phe. At 120 mM salinity, H,O, declined by 1.9%
and MDA by 3.6% at 100 ppm Phe and by 2.6 and 10% at
200 ppm, compared to 0 ppm Phe, respectively. Similarly,
the levels of antioxidant enzymes were increased: peroxi-
dase by 49%, superoxide dismutase by 13%, and catalase
by 20% under 60 mM salinity and further increased by 79%
in POD, 44% in SOD, and 38% in CAT, respectively, under
120 mM salinity, compared to the control. At 60 mM salini-
ty, the application of 100 ppm Phe increased these enzymes

as follows: peroxidase by 12%, superoxide dismutase by
27%, and catalase by 36%, respectively, while 200 ppm
Phe increased POD by 40%, SOD by 54%, and CAT
by 50%, relative to 0 ppm Phe. At 120 mM salinity, the
respective enhancements were 25% in peroxidase, 23% in
superoxide dismutase, and 25% in catalase with 100 ppm
Phe, while the treatments with 200 ppm Phe increased their
levels by 60% in POD, 38% in SOD, and 46% in CAT,
compared to 0 ppm L-phenylalanine. The overall results
showed that the salinity stress increased the H,0, and MDA
content as well as enzymatic antioxidants in carrot, while
the foliar application of Phe caused maximum enhance-
ment in enzymatic antioxidants but decreased the H,0, and
MDA content (Fig. 3).
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Fig. 4. Effects of L-phenylalanine on: a) leaf ascorbic acid (mg g f.wt), b) anthocyanin (mg g f.wt), ¢) total soluble sugars (TSS, mg
g! f.wt), d) total soluble proteins (TSP, umol g f.wt) and ¢) flavonoids (mg g™ f.wt) in carrot (T29) under salinity stress. Variety (V1)
=T-29, SO = control, S1 = 60 mM, S2 = 120 mM, L-phenylalanine = control (0 ppm), L-phenylalanine (100 ppm) and L-phenylalanine
(200 ppm). Error bars sharing the same lettering for a parameter indicate non-significant differences at a significance level of p<0.05.
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3.4. Non-enzymatic antioxidant and osmolytes

The statistical analysis revealed antioxidant and bio-
chemical parameters that were significantly influenced by
the treatments. Anthocyanins decreased by 16%, flavonoids
by 14%, and ascorbic acid increased by 50%, TSS by 4.9%,
and TSP by 11% under 60 mM salinity. A further decline
was recorded in anthocyanins by 34% and flavonoids 25%,
but the levels of leaf ascorbic acid was enhanced by 66%,
TSS by 50%, and TSP by 9.7% under 120 mM salinity,
compared to the control. At 60 mM salinity, the applica-
tion of 100 ppm Phe increased the anthocyanin content
by 12%, flavonoids by 30%, ascorbic acid by 16%, TSS
by 60%, and TSP by 14%, while the 200 ppm Phe treat-
ment further enhanced anthocyanins by 24%, flavonoids by
43%, ascorbic acid by 30%, TSS by 97%, and TSP by 23%,
relative to 0 ppm Phe. At 120 mM salinity, the enhance-
ments were 29% in anthocyanins, 29% in flavonoids, 16%
in ascorbic acid, 39% in TSS, and 16% in TSP at 100 ppm
Phe, while the 200 ppm Phe treatment resulted in an
increase by 50% in anthocyanins, 39% in flavonoids, 32%
in ascorbic acid, 62% in TSS, and 22% in TSP, compared
to 0 ppm L-phenylalanine. The overall results showed that
the salinity stress increased the non-enzymatic antioxidants
and organic osmolytes in carrot, and the foliar application
of Phe caused maximum enhancements in non-enzymatic
antioxidants and organic osmolytes, with the maximum
enhancement observed at 200 ppm Phe (Fig. 4).

3.5. Ions

The statistical analysis demonstrated that the ionic
parameters decreased as follows: shoot Ca*" by 9%, root
Ca’ by 8%, shoot K" by 12%, and root K by 14%, while
shoot Na' and root Na' increased by 13 and 14% under
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60 mM salinity. They further declined by 31% in shoot
Ca™, 37% in root Ca>", 33% in shoot K*, and 38% by root
K", while an increase was observed in shoot Na" by 31%
and root Na“ by 30%, respectively, under 120 mM salinity,
compared to the control. At 60 mM salinity, the application
of 100 ppm Phe caused an increase of 20% in shoot Ca*',
18% in root Ca**, 26% in shoot K*, and 15% in root K" and
decreased shoot Na" by 9% and root Na’ by 4%, respec-
tively. The treatment with 200 ppm Phe led to a decrease of
30% in shoot Ca**, 59% in root Ca**, 41% in shoot K*, 30%
in root K*, 16% in shoot Na', and 9% in root Na', relative to
0 ppm L-phenylalanine. At 120 mM salinity, the improve-
ments reached 53% in shoot Ca**, 73% in root Ca**, 30% in
shoot K, and 21% in root K. The values declined by 5.2%
in shoot Na" and 1.4% in root Na" under 100 ppm Phe,
while under 200 ppm Phe, they increased by 66% in shoot
Ca*", 88% in root Ca*', 46% in shoot K*, and 47% in root
K" and declined by 8% in shoot Na"and 11% in root Na’,
compared to 0 ppm L-phenylalanine. The overall results
showed that the salinity stress increased the root and shoot
Na'"ions in carrot but decreased the root and shoot K™ and
shoot Ca®". However, the foliar application of Phe caused
reduction in the root and shoot Na"ions but increased the
root and shoot K™ and shoot Ca*"; the maximum enhance-
ment was observed at 200 ppm Phe (Table 1).

3.6. Heatmap analysis

A two-way heatmap accompanied by a dendrogram
was generated to examine the effects of L-Phe on carrot
under salinity stress (Fig. 5). Based on the similarity of
observations at different points during the treatment, the
observations were grouped, and the relationships between
the groups were visualized as colored squares. The lavender

Table 1. Mean square values for the effects of L-phenylalanine and salinity stress on ion accumulation in shoot and root of carrot

(Daucus carota L.)

Varieties Treatment  Shoot Ca** Root Ca** Shoot K* Root K* Shoot Na" Root Na*

Carrot (T29)  SOTO 5.5+0.28 be 6+0.40 be 9.75+£0.85bc  15.5+1.32ac  18.25+1.2 b-d 26.5+0.64 b-d
SO0T1 7+0.40 ab 7.5+0.64 ab 12.5£0.64ab  17.25+0.75ab 16.25+1.25cd 22.25+1.03 cd
S0T2 7.75+0.62 a 9.5£0.64 a 13.25+0.85a  19.25+0.85a  13.75+0.85d 20.5+¢1.55d
S1TO 5+0.40 be 5.5+0.28 be 8.5+0.64cd 13.25+1.3 b-d 20.75+1.25a-c  30.25+2.01 ab
SIT1 6+0.40 ab 6.5+£0.64 b 10.7£0.8 a-¢c  15.25+0.8 a-c  18.75+0.85a-d  29+1.29 a-c
SI1T2 6.5+£0.64 ab 8.75+0.47 a 12+0.91ab 17.25+0.62 ab 17.25£1.25b-d  27.25+1.79 a-c
S2TO0 3.75+0.47 ¢ 3.75+0.62 ¢ 6.5+0.64 d 9.5+0.64 d 244091 a 34.5+1.55a
S2T1 574047 a-c = 6.5+0.64 b 8.540.64 cd  11.5£1.19cd  22.75+0.85 ab 34+0.91 a
S2T2 6.25£0.47ab  7.75+0.75ab  9.5+0.64 bc  14+0.81 bc 22+1.47 a-c 30.5¢1.19 a-c

Values represent means + standard error of three replicates of carrot variety (T29). Treatments sharing the same lettering within
a column indicate nonsignificant differences at p < 0.05. SO = 0 mM NacCl, S1 = 60 mM NaCl, S2 = 120 mM NaCl; TO = 0 ppm
L-phenylalanine, T1 = 100 ppm L-phenylalanine, T2 = 200 ppm L-phenylalanine.
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utes of carrot exposed to salinity stress and Phe treatment. Variety: T-29 SO = control, S1 = 60 mM, S2 = 120 mM, L-phenylalanine
= control and L-phenylalanine (100 and 200 ppm). SL — shoot length, RL — root length, SFW — shoot fresh weight, RFW — root fresh
weight, SDW — shoot dry weight, RDW — root dry weight, Chl. a — chlorophyll a, Chl. b — chlorophyll b, total Chl. — total chlorophyll,
carotenoids, SOD — superoxide dismutase, POD — peroxidase, CAT — catalase, MDA — malondialdehyde, H,0, — hydrogen peroxide,
Flav. — flavonoids, AsA. — ascorbic acid, Anth. — anthocyanin, TSP — total soluble protein, TSS — total soluble sugar, RNa" — root
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color denoted a strong positive association, and the blue
color demonstrated a strong negative correlation for various
observations, which were impacted by Phe under salinity
stress (Fig. 5). The Heatmap was clustered into five groups.
In the first group, H,0,, MDA, and root and shoot Na" was
clustered. These parameters are strongly positively corre-
lated with S2 (120 mM NaCl) and no treatment in carrot
and showed a negative connection under SO (no stress) and
Phe (200 ppm), respectively. This group indicated that the
use of Phe (200 ppm) decreased the contents of H,O, and

MDA and mitigated the adverse impacts of salinity stress.
The 2nd group included the Chl. a/b ratio; this parameter is
strongly positively correlated with S2 (120 mM NacCl) and
no treatment in carrot and showed a negative connection
under S0, and S1 (no stress and 60 mM NacCl), and no treat-
ment, respectively.

The 3rd group included SOD, CAT, POD, TSP, TSS,
and AsA, which were strongly positively correlated in car-
rot under salinity S2 (120 mM NacCl) and Phe (200 ppm),
but negatively correlated at SO (no stress) and no treat-
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Fig. 6. Correlation matrix between morpho-physiological, biochemical parameters, ionic attributes and organic osmolytes of carrot
under salinity stress and Phe treatment. SL — shoot length, RL — root length, SFW — shoot fresh weight, RFW —root fresh weight, SDW
— shoot dry weight, RDW — root dry weight, Chl. a — chlorophyll a, Chl. b — chlorophyll b, total Chl. — total chlorophyll, carotenoids,
SOD - superoxide dismutase, POD — peroxidase, CAT — catalase, MDA — malondialdehyde, H,O, — hydrogen peroxide, Flav. — fla-
vonoids, AsA. — ascorbic acid, Anth. — anthocyanin, TSP — total soluble protein, TSS — total soluble sugar, RNa" — root sodium, SNa"
— shoot sodium, RK" — root potassium, SK" — shoot potassium, RCa*" — root calcium, SCa*" — shoot calcium.

ment (control conditions). These observations showed that
under salinity stress, osmolytes and enzymatic antioxidants
in carrot were improved by the application of Phe. In the
4th group, shoot and root fresh and dry weight, total Chl.,
carotenoids, root length, shoot length, root K*, shoot K*,
and anthocyanins were grouped into the same cluster.
These measures show strong positive correlations with SO
(no stress) and Phe (200 ppm), while negative correlations
were found under S2 (120 mM NaCl) and no treatment.
This group showed that the application of Phe (200 ppm)
improved the morphological attributes, photosynthetic pig-
ments, and ionic content in carrot. The 5th group comprised
shoot and root Ca*" and flavonoids. These attributes were
strongly positively correlated at SO (no stress) and Phe
(200 ppm), while negative correlations were observed under
S2 (120 mM NaCl) and no treatment. These observations
demonstrated that the foliar application of Phe increased
the growth parameters, photosynthetic pigments, and anti-
oxidant activities in carrot under salinity stress (Fig. 5).

3.7. Correlation matrix

The correlation matrix demonstrates both high posi-
tive and strong negative relationships between the different
attributes of carrot under salinity stress (Fig. 6). The results
of the correlation analysis demonstrated that the growth
parameters, such as shoot and root length, fresh weight, dry
weight, spikelet number, no. of spikes, leaves, and grains

were positively correlated with anthocyanins, Chl. ¢, Chl. b,
total chlorophyll, carotenoids, flavonoids, and root and
shoot K, Ca®" respectively, and negatively correlated with
H,0,, MDA, and shoot and root Na" ions (Fig. 6). There
was a positive correlation between the CAT, POD, and
SOD with TSP, TSS, and AsA content. Furthermore, the
correlation was strongly positive among morphological
traits and photosynthetic pigments (Fig. 6).

3.8. PCA analysis

The PCA analysis revealed that PCA 1 and PCA 2
accounted for 94.7% of the accumulated variations, with
71.05 and 23.65%, respectively (Fig. 7). However, the mor-
phological, photosynthetic, antioxidant, and ionic contents
differed significantly under the different Phe treatments
(100 ppm and 200 ppm) and salinity (SO = control, S1
= 60 mM NaCl, and 120 mM NaCl). A very strong con-
nection was noted among different photosynthetic and
morphological parameters, flavonoids, and root and shoot
Ca® and K' levels in the carrot. In turn, AsA, TSS, and
TSP indicated close relationships with antioxidants (SOD,
POD, and CAT). Root and shoot Na" were closely associ-
ated in the same treatment as well as MDA, Chl. a/b, and
H,0,, respectively. In our research, the Phe implementa-
tion showed to be beneficial in alleviating salinity stress
through enhancing morphological characteristics, such as
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and L-phenylalanine (100 and 200 ppm).

shoot length, photosynthetic pigments, and ionic contents
while decreasing the negative SNa‘, RNa’, MDA, and H,0,
in the carrot plants (Fig. 7).

4. DISCUSSION

Salt stress imposed a pronounced reduction in carrot
(Daucus carota L.) growth, with significant decreases in
morphological parameters, including shoot length, root
length, and fresh and dry weight under 60 and 120 mM
NaCl. The reduction was especially marked at the higher
salinity level, reflecting the combined effects of osmot-
ic stress and ionic toxicity on morphogenesis. Similar
results were reported in radish, where salinity stress mark-
edly reduced root and shoot length (Inayat et al., 2024).
Likewise, in tomato, pea, and black gram, salinity decreased
root elongation and shoot biomass due to impaired water
uptake and hormonal imbalance (Almas et al., 2021; Fareed
et al., 2024; Ahmad et al., 2024). A comparable trend was
also observed in Juglans microcarpa seedlings, where salt
stress caused leaf yellowing, curling, and biomass reduc-
tion due to disrupted photosynthesis (Ji et al., 2022). These
reports confirm that salt stress universally hampers plant
morpho-physiological growth through osmotic imbal-
ance and nutrient deficiency. The foliar application of
L-phenylalanine improved morphological growth of carrot
plants under salt stress, as evident from the enhancement
in shoot and root length as well as fresh and dry biomass,
compared to untreated stressed plants. The growth-promot-
ing effect of phenylalanine may be attributed to its role as
a precursor of phenylpropanoid metabolism, which

enhances structural integrity and stress resilience. Similar
results were obtained in mustard, where phenylalanine
supplementation improved vegetative growth under saline
conditions by stimulating secondary metabolism (Ramzan
et al., 2023). It was reported that exogenous application of
amino acids, including phenylalanine, enhanced biomass
accumulation under salt stress. Likewise, in soybeans,
foliar amino acid treatment improved plant height and bio-
mass production through enhanced nitrogen metabolism
(Sadak et al., 2020). These findings indicate that pheny-
lalanine mitigates the negative impact of salinity on plant
growth by stimulating metabolic adjustments and promot-
ing biomass accumulation.

In this study, photosynthetic pigments, including chlo-
rophyll a, chlorophyll b, total chlorophyll, and carotenoids,
exhibited a notable decline in carrots under salinity. This
reduction can be attributed to oxidative damage to chlo-
roplast membranes and the inhibition of chlorophyll
biosynthesis under Na* toxicity. Similar declines were
observed in wheat (Ibrahimova et al., 2021), where chlo-
rophyll content was reduced by salinity stress. In carrot,
Saad et al. (2021) reported downregulation of carotenoid
biosynthetic genes under salinity, leading to pigment loss.
These consistent findings highlight that pigment reduc-
tion is a general mechanism of salt-induced photosynthetic
impairment across species. Photosynthetic pigments, such
as chlorophyll a, chlorophyll b, total chlorophyll, and
carotenoids, were significantly improved in phenylala-
nine-treated carrots compared to untreated stressed plants.
Phenylalanine application likely prevented oxidative
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degradation of chlorophyll and supported pigment biosyn-
thesis. In pepper (Sheteiwy et al., 2021), phenylalanine
application enhanced chlorophyll and carotenoid content,
improving photosynthetic efficiency under stress. These
reports suggest that phenylalanine sustains pigment stabil-
ity by promoting chloroplast protection and photosynthetic
activity under salinity stress.

In our experiment, salt stress also triggered oxida-
tive stress in carrots, as indicated by elevated hydrogen
peroxide (H,0,) and malondialdehyde (MDA) contents.
This demonstrates enhanced lipid peroxidation and ROS
accumulation. Similar oxidative damage was reported in
mustard (Ramzan et al., 2023), where NaCl increased MDA
and ROS levels, impairing membrane stability. Likewise, in
basil (Sirousmehr ef al., 2020), salinity-induced ROS accu-
mulation disrupted cell metabolism. In canola (Ramzan et
al.,2025), excessive oxidative stress markers were observed
under salt conditions. These findings confirm that oxidative
damage is a conserved response in plants in saline environ-
ments. Phenylalanine also reduced oxidative stress markers
in carrot, where hydrogen peroxide and malondialdehyde
contents were significantly lowered, while an increase was
observed in the activities of antioxidant enzymes such as cat-
alase (CAT), peroxidase (POD), and superoxide dismutase
(SOD). This indicates that phenylalanine strengthened the
antioxidant defense system, minimizing ROS-mediated
damage. A similar protective role was observed in rice,
where phenylalanine application reduced lipid peroxi-
dation and enhanced antioxidant enzyme activity under
salinity (Ramzan et al., 2025). In mustard, amino acid sup-
plementation boosted antioxidant capacity, reducing ROS
accumulation under abiotic stress (Ramzan et al., 2023).
Moreover, in basil, Sirousmehr et al. (2020) reported that
exogenous amino acids enhanced antioxidant enzyme acti-
vities, thereby lowering oxidative stress levels. These re-
sults highlight the role of phenylalanine in maintaining
redox homeostasis under adverse conditions.

In the current study on carrot plants, salt stress led to
a significant decline in anthocyanins and flavonoids, while
the levels of ascorbic acid, total soluble proteins (TSP),
and total soluble sugars (TSS) were elevated, suggest-
ing a metabolic allocation to sustain osmotic adjustment.
The foliar application of phenylalanine reversed the nega-
tive effects on secondary metabolites, leading to increased
anthocyanin and flavonoid accumulation, while further
enhancing the levels of ascorbic acid, proteins, and sug-
ars. Similar findings were observed in Amaranthus tricolor,
where salinity reduced flavonoids and anthocyanins but
pretreatment with exogenous regulators restored their
accumulation (Sarker and Oba, 2018). In Ginkgo cultures,
phenylalanine-derived compounds, including ascorbic
acid, were reported to increase under stress, indicating its
role in maintaining redox balance (Suminar et al., 2025).
In safflower, soluble sugars were found to accumulate
under salinity, supporting osmotic regulation (Jamshidi et
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al., 2023). These findings indicate that phenylalanine plays
a dual role by activating the phenylpropanoid pathway for
secondary metabolites and by supporting osmolyte accu-
mulation, thereby improving salt stress tolerance in carrot.

Ionic imbalance was evident in the carrot, where Na*
accumulation increased while K* and Ca*" levels decreased
in both roots and shoots. This is a typical hallmark of salt
stress, leading to nutrient deficiency and reduced enzyme
activity. Similar ionic disturbances were reported in peanut,
where NaCl stress reduced K* and Ca*" uptake (Ramzan e?
al., 2023). In lettuce (Smolen et al., 2020), it was observed
that salinity disrupted ion homeostasis, reducing essential
nutrient absorption. Likewise, in jasmine (Shahmoradi and
Naderi 2018), it was reported that high Na* disrupted K*/
Na' balance, impairing stomatal conductance. These results
support the idea that ionic imbalance under salinity is a uni-
versal physiological constraint in plants. With respect to
ion regulation, phenylalanine significantly reduced Na*
accumulation while enhancing K* and Ca?* contents in car-
rot tissues, thereby improving ionic balance and nutrient
uptake. The regulation of the Na*/K " ratio is crucial for main-
taining cellular metabolism and osmotic adjustment under
salt stress. Similar findings were reported in canola, where
amino acid treatment improved K*/Na* homeostasis under
saline irrigation (Ramzan et al., 2026a). In lettuce (Smolen
et al., 2020), it was observed that amino acid applications
improved Ca?" and K" uptake, reducing salt-induced ionic
toxicity. These results indicate that phenylalanine supports
ion homeostasis and nutrient regulation, thereby alleviating
salinity-induced ionic stress.

5. CONCLUSIONS

The morpho-physiological and biochemical perfor-
mance of carrot plants was impaired by salinity stress, which
inhibited growth and interfered with the absorption of nutri-
ents. However, by stabilizing photosynthetic pigments and
reducing the negative effects of salt, the L-phenylalanine
exogenous application as a foliar spray increased plant
growth and development. In addition to enhancing the
accumulation of secondary metabolites and non-enzyma-
tic antioxidants, L-phenylalanine increased the ability of
SOD, CAT, and POD to scavenge hydrogen peroxide and
malondialdehyde. Additionally, by increasing the con-
tent of K* and Ca*" in roots and shoots and decreasing
the intake of Na*, L-phenylalanine controlled ionic equi-
librium. Consequently, these implications suggest that
L-phenylalanine would make a good low-cost foliar sup-
plement to improve salt tolerance in crops planted in salty
soils, especially salt soils. Future studies ought to be based
on field experiments in multi-locations, dose-effect, long-
term yield and quality outcomes and clarification of the
underlying molecular pathways to confirm and expand
the role of L-phenylalanine-mediated salt stress mitigation
mechanisms.
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