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Abstract
Background  Light is essential for producing high-quality plants. The advancement of light-emitting diode 
technology has unlocked new opportunities for growing plants in controlled settings. In this study, the effects of 
light-emitting diodes priming and drought stress on some physiological and biochemical parameters were studied in 
two Melissa officinalis genotypes (Ilam and Isfahan) one and three weeks after drought stress. The experiments were 
conducted in a factorial arrangement within a completely randomized design with three replications.

Results  Drought stress reduced growth indicators such as fresh and dry weights of aerial parts, leaf number, and 
relative water content. Light-emitting diode priming relieved such reductions in both genotypes. The accumulation 
of phenolic compounds, anthocyanin, and levels of proline, along with the activity of the enzyme phenylalanine 
ammonia-lyase, increased under drought stress, with the maximum increase achieved under red + blue and blue 
light-emitting diode light-primed plants. Especially in the Ilam genotype, phenylalanine ammonia-lyase enzyme 
activities and the accumulation of phenolic compounds were remarkably enhanced by the use of red + blue light-
emitting diode light. Also, abscisic acid showed higher values under drought stress and the highest in pre-treatments 
with red + blue and red light-emitting diodes.

Conclusion  The effects of different treatments on the physiological indices showed that drought tolerance in 
Melissa officinalis was improved due to the priming of red + blue light-emitting diode in both genotypes. Thus, our 
results emphasized the use of light-emitting diode priming as a useful method to enhance the drought resistance of 
medicinal plants.

Keywords  Light priming, Drought stress, Medicinal plant, Drought-resistant genotypes, Red + blue LED, Priming one 
and three weeks after drought
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Introduction
Drought stress is one of the complex stresses that mediate 
physiological, morphological, biochemical, and molecu-
lar changes in plants, causing serious damage to growth 
and development. It has been found to adversely affect 
the quantity and quality of growth and yield of plants. 
Plants usually adopt mechanisms for drought tolerance 
through the maintenance of cellular water homeostasis 
and enhanced production of hormones and secondary 
metabolites to mitigate reactive oxygen species (ROS) 
generated under stress conditions [1, 2]. Plant hormones 
modulate plant responses to stress factors, like drought. 
Among these plant hormones, the role of abscisic acid 
(ABA) is critical. The synthesis of ABA in the roots dur-
ing drought is transported to the aerial part, particularly 
the leaves [3]. The ABA induces signaling into guard 
cells through modifications in ion transport, promoting 
stomata closure, and reducing transpiration, and photo-
synthesis. The levels of ABA rise in response to drought 
stress, but this is often specific to the species or the vari-
ety of a particular plant concerning its level of drought 
tolerance [4, 5].

Another important mechanism for drought tolerance 
is the accumulation of compatible solutes for osmotic 
adjustment. These low molecular weight compounds 
can accumulate at high concentrations without interfer-
ing with cellular metabolism [6]. They enhance osmotic 
pressure, water uptake, and cell structural stability. Pro-
line is one of the most abundant compatible solutes that 
accumulate in the case of drought stress as a result of 
enhanced synthesis and reduced degradation. Proline 
maintains osmotic potential, protects cells against oxida-
tive damage, and balances energy between chloroplasts 
and mitochondria under drought stress [7].

Water stress also diverts carbon allocation from growth 
to synthesizing secondary metabolites. This metabolic 
shift enables plants to produce compounds used in 
defense mechanisms, thus allowing them to cope with 
stress [8]. For example, Hypericum brasiliense plants 
under drought stress accumulated higher concentrations 
and total amounts of phenolic compounds than con-
trols [9]. Similar trends were observed in Salvia miltior-
rhiza, where the concentration of phenolic compounds 
increased despite the reduced total content under 
drought stress [10]. Lemon balm also showed increased 
monoterpene concentrations under drought conditions 
[11]. Other approaches to enhance drought tolerance 
involve genetic strategies. However, because of the high 
cost and requirements for technical expertise, in addi-
tion to the generally low percentage of success, obtain-
ing genetically modified plants resistant to drought is not 
yet widely possible [1]. Stress priming has been consid-
ered an alternative approach to enhance stress tolerance. 
Stress priming is a phenomenon whereby the mild initial 

stress applied to plants induces faster and more efficient 
responses to subsequent stresses [12, 13]. It is associ-
ated with stress memory, which involves physiological 
changes and transcriptional, proteomic, and epigenetic 
factors throughout the life cycle of a plant [1].

Light priming is a technique in which the seeds or 
seedlings are briefly illuminated. This triggers physiologi-
cal changes within the plant, such as hormone produc-
tion and gene activation, which leads to better growth 
and stress tolerance [14]. Poudel et al. found that red LED 
light significantly increased the levels of the plant hor-
mone ABA in grape skins compared to blue LED or no 
LED treatment. This increase in ABA was associated with 
higher expression of the VvNCED1 gene (involved in 
ABA synthesis) and VvCYP707A1 gene (involved in ABA 
degradation) in grapes exposed to red LED [15]. Huang 
et al. [16] suggested that supplementation with blue 
and yellow LED lights could be a promising strategy for 
improving the drought tolerance of faba bean plants by 
reducing leaf size, increasing the net photosynthetic rate, 
increasing stomatal conductance, and strengthening the 
defense system. Under water stress, seedlings of Euca-
lyptus benthamii grown under blue light LEDs exhibited 
improved performance, characterized by a slower decline 
in photosynthesis, maintained water use efficiency, and 
stable transpiration rates [17].

Lemon balm, scientifically designated Melissa offici-
nalis L., is a medicinal plant belonging to the Lamiac-
eae family, which exhibits various therapeutic properties 
attributed to its essential oil content and the presence 
of phenolic acids [18]. This study employed light-emit-
ting diode (LED) light priming as an initial stressor to 
enhance the physiological and biochemical attributes of 
lemon balm plants one and three weeks post-drought 
stress. The objective of utilizing this pretreatment with 
LED lights was to augment stress memory and enhance 
drought tolerance in lemon balm plants. The investiga-
tion aims to determine the efficacy of this stress memory 
after one week and three weeks following drought stress.

Materials and methods
Plant materials and treatments
This experiment was conducted from 2013 to 2015 in 
the greenhouse of Shahrekord University and the Seed 
and Plant Breeding Laboratory of the Isfahan Univer-
sity of Technology. The experiment had a completely 
randomized design. Lemon balm plants were collected 
from farms in Isfahan and Ilam. Three plants with aerial 
shoots were transplanted into 12  cm plastic pots (60 in 
total) filled with loamy-sandy soil at a 1:3 ratio. After one 
month of uniform seedling growth for the two varieties in 
the greenhouse, the seedling transplants were transferred 
into a growth chamber (Arovin Tajhiz Sepadan, Isfahan) 
located in the Seed and Plant Improvement Laboratory 
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of the Isfahan University of Technology. The incuba-
tor was supplemented with LED lamps that emitted red 
(650 nm), blue (460 nm), red + blue at a ratio of 30:70, and 
white (380–760 nm) light spectra with an intensity of 300 
µmol m⁻² s⁻¹, while maintaining a 16:8 h photoperiod and 
a temperature of 25 ± 2  °C for a month. Twelve pots per 
genotype, six for Ilam and six for Isfahan genotypes were 
kept in greenhouse conditions (25 ± 2  °C, 16  h light/8  h 
dark photoperiod) as controls under conditions identi-
cal to those of the incubator. When the seedlings from 
the incubator grew sufficiently, they were transferred 
to a greenhouse. Soil moisture content was measured 
using the method described by Kadkhodaie et al. [19]. 
All pots were fully watered and, after two hours when 
water drainage ceased, the relative soil moisture content 
was measured using a ThetaProbe (AT Delta-T Devices 
SM300, Cambridge, England). Plants were allowed to dry 
to 30% moisture content, at which time plants from each 
light pre-treatment were watered. During this period, 
half of the plants were well-watered, whereas half were 
under drought stress with watering only when the soil 
moisture reached 10%. Sampling was conducted one and 
three weeks after the induction of drought.

Morphometric trait measurements
The plant samples were washed with distilled water and 
excess moisture was removed using filter paper. The 
fresh weight of the aerial parts was measured in grams 
after separating the roots from the collar. The dry weight 
was measured after keeping the samples in a hot air 
oven at 65 °C for 48 h. The number of leaves per pot was 
determined.

Relative water content (RWC) measurement
The RWC was measured according to Turner’s method 
[20]. Fresh leaves were weighed immediately after 
sampling (FW), soaked in distilled water for 6  h, and 
reweighed (TW). They were then oven-dried at 70 °C for 
24 h, and their dry weight (DW) was recorded. RWC was 
calculated using the following formula:

	 RWC = ((FW − DW) / (TW − DW)) × 100

Total phenolic compounds measurement
The total phenolic compounds in the leaves were deter-
mined using the method described by Singleton and 
Rossi [21]. Fresh leaf tissue (0.1 g) was ground in a cold 
mortar with 3  ml of 80% methanol and centrifuged 
at 15,000  rpm for 15  min. The supernatant obtained 
was used for analysis. The reaction mixture contained 
30 µL of the extract, 120 µL of Na₂CO₃, and 150 µL of 
Folin-Ciocalteu reagent. The absorbance was measured 
at 765  nm after 30  min of incubation in the dark. The 

phenolic content was calculated using a gallic acid stan-
dard curve (25–100 ppm).

Assay of the activity of phenylalanine Ammonia lyase (PAL) 
enzyme
PAL activity was measured according to the procedure 
described by Morrison et al. [22]. Fresh sample (0.1 g) tis-
sue was homogenized on ice with Tris-HCl buffer (0.1 M, 
pH 7.6), containing 20 mM 2-mercaptoethanol and 0.5% 
PVP. The extract was then left to maintain at 4  °C over-
night, after which it was centrifuged at 12,000 × g for 
40 min in a refrigerator. Two point five mL of phenylala-
nine was mixed with 500 µL of the extract containing 12 
mM in Tris-HCl buffer (pH 8.5) to determine enzymatic 
activity.

Instead of phenylalanine, a control was prepared 
using a buffer. The changes in absorbance at 290  nm 
were recorded immediately and after 60  min at 30  °C 
using a JENWAY 6300 spectrophotometer. Activity was 
expressed as micromoles of cinnamic acid per gram of 
fresh tissue per min.

Measurement of anthocyanin content
The anthocyanin content was determined spectrophoto-
metrically [23]. Homogenized ground leaves were mixed 
with 0.1  N HCl, extracted for 3  h in the dark at room 
temperature, and centrifuged for 5 min at 10,000 × g. The 
absorbance of the supernatant was read at 511 nm, and 
anthocyanin content was calculated using the extinction 
coefficient of cyanidin-3-glucoside (31,760 µM/cm).

Proline content measurement
The proline content was determined according to the 
method of Troll and Lindsley [24]. The samples were 
extracted with 90% ethanol and centrifuged at 14,000 
× g for 5 min. To 25 µL, 4.75 mL of 70% ethanol and 1 
mL of a reaction buffer containing acetic acid, ethanol, 
ninhydrin, and a water mixture were added. After cen-
trifugation, the mixture was immediately boiled, and the 
absorbance was measured at 520  nm using a Shimadzu 
UV 1601 spectrophotometer. The proline content was 
calculated in µmol/g FW using a standard curve.

ABA extraction and measurement
ABA was extracted using the method described by Kelen 
et al. [25]. The leaves (2  g) were ground with 10 mL of 
a solution containing butylated hydroxytoluene and 
ascorbic acid in 90% methanol, stirred overnight, and fil-
tered. After pH adjustment, the aqueous phase was par-
titioned against ethyl acetate, dried, and reconstituted in 
high-performance liquid chromatography (HPLC)-grade 
methanol for analysis. Chromatographic analysis was 
performed using a Waters HPLC system (Waters, USA). 
The system was equipped with a Symmetry-C18 column 
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(250 × 4.6  mm) and a UV detector (Waters 2487). The 
mobile phase consisted of a mixture of 0.2% acetic acid 
and 100% methanol in a 50:50 v/v ratio, with a solvent 
flow rate of 0.7 mL/min through the column. Measure-
ment and recordings were performed at 265 nm.

Statistical analysis
This experiment used a completely randomized factorial 
design with three replicates. These factors included two 
genotypes, Ilam and Isfahan, with five light levels: red, 
white, blue, red + blue LED, and greenhouse light, along 
with two levels of drought application: drought and no 
drought. Data analysis was performed using SAS 8.0 and 
MSTATC; a comparison of means was made by the LSD 
test at P < 0.05 and P < 0.01.

Results
Impact of LED priming on morphological traits at one and 
three weeks following drought stress
The variance analysis of fresh and dry weights of aerial 
parts and leaf numbers three weeks after drought stress is 

presented in Table 1. The effects of drought stress, geno-
type, and light on the fresh weight of stems and leaf num-
ber per pot were statistically significant at the 1% level. 
While drought stress and light significantly influenced 
the dry weight of stems, the genotype had no significant 
effect on this parameter.

Figure  1 shows how different LED light treatments 
(White, Red + Blue, Red, Blue, and Greenhouse LEDs) 
affect plant growth (measured by shoot fresh weight, 
shoot dry weight, and leaf number) under drought and 
control conditions for two genotypes of Ilam and Isfa-
han. Under drought stress, all light treatments led to sig-
nificantly lower values across all three growth metrics 
compared with the control. However, red + blue LED and 
red LED were the most effective in maintaining growth 
under drought conditions for both genotypes. In con-
trast, greenhouse light resulted in notably lower fresh 
and dry weights than the other treatments. Both geno-
types showed significant declines in fresh weight, dry 
weight, and leaf number under drought stress, although 
Ilam generally had slightly better growth outcomes than 
Isfahan under both drought and control conditions 
(Fig. 1a-c).

Impact of LED priming on RWC at one and three weeks 
following drought stress
Over time, drought conditions caused a more noticeable 
drop in RWC for both Ilam and Isfahan, with the steep-
est decline observed at the 3-week mark. For instance, 
in drought-stressed plants, RWC in the Ilam genotype 
during the first week was twice as high as that in the 
third week, while in the Isfahan genotype, it was 1.4 
times higher. Ilam showed the lowest RWC values after 
three weeks, particularly under red and blue LED lights, 
highlighting its greater sensitivity to prolonged drought 
stress. In contrast, under control conditions, RWC 
remained relatively high and stable for both genotypes 

Table 1  Analysis of variance (mean squares) of drought, 
genotype, light, and their interactions on shoot fresh weight, 
shoot dry weight, and leaf number
Variable Df Shoot 

Fresh 
Weight

Shoot Dry 
Weight

Leaf 
num-
ber

Drought 1 2170** 8.3** 34,704*

Genotype 1 33.93** 0.34ns 14,883*

Light 4 209** 9.7** 7078**

Genotype× Drought 4 0.92ns 5.6** 5023**

Light× Drought 4 178** 4.4** 1137**

Genotype × Light 4 29.82** 4.4** 1054**

Genotype × Light × 
Drought

4 12.86** 1.8** 2562**

Error 40 0.055 0.019 54.11
*and** - significant difference at P ≤ 0.05 and P ≤ 0.01, ns- ns, non-significant

Fig. 1  The impact of LED light priming on shoot fresh weight (a), shoot dry weight (b) leaf number per pot (c) in two M. officinalis genotypes was assessed 
three weeks following drought stress. The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by 
different letters above the bars
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from 1 to 3 weeks, indicating that the absence of drought 
helps maintain water retention. Isfahan generally retains 
a slightly higher RWC than Ilam under drought condi-
tions, suggesting that it has better drought tolerance, 
especially after three weeks. Among the light treatments, 
white LED and red + blue LED tended to maintain higher 
RWC levels than other lighting options, especially at the 
3-week point (Fig. 2a and b).

Impact of LED priming on phenolic and PAL activity at one 
and three weeks following drought stress
One week after drought stress, both Ilam and Isfahan 
genotypes exhibited the highest PAL activity under 
red + blue LED and greenhouse conditions. Under control 
conditions, red + blue LED and red LED treatments led to 
higher PAL activity in both the genotypes (Fig. 3a). After 
three weeks of drought stress, PAL activity remained 
significantly elevated, with the red + blue LED treatment 
consistently showing the highest activity in both Ilam and 
Isfahan. Notably, red + blue LED pre-treatment increased 
PAL activity by 5.5 times in Ilam and 2.2 times in Isfahan 
compared to greenhouse conditions (Fig. 3b). Over time, 
PAL activity under red + blue LED increased substan-
tially, with a 4.3-fold increase in Ilam and a remarkable 
7.9-fold increase in Isfahan between the first and third 
weeks of drought stress (Fig. 3c, d).

The highest levels total phenolic content was observed 
in the greenhouse and red + blue LED treatments one 
week after drought. Ilam showed a stronger response, 
with significantly higher phenolic content under these 
conditions compared to the blue LED and red LED treat-
ments. Isfahan also responded well to greenhouse and 
red + blue LED treatments; though its phenolic content 
was generally lower than Ilam under drought conditions. 
As expected, phenolic levels were lower under control 
conditions compared to drought (Fig. 3c).

After three weeks of drought stress, the phenolic con-
tent remained elevated, with the red + blue LED treat-
ment outperforming the others for both genotypes. 
While phenolic levels were stable but lower under control 
conditions, red + blue LED pre-treatment significantly 
boosted phenolic content, increasing it by 1.5 times in 
Ilam and 1.7 times in Isfahan compared to greenhouse 
conditions (Fig. 3d).

Impact of LED priming on anthocyanin levels at one and 
three weeks following drought stress
Drought stress, genotype, light treatment, and their 
interactions had a significant impact on anthocyanin lev-
els (P ≤ 0.01). During the first week, the Ilam genotype 
showed the highest anthocyanin content under white 
LED lighting. In contrast, the Isfahan genotype exhib-
ited the highest anthocyanin levels under red + blue LED 

Fig. 3  The impact of LED light priming on PAL activity one (a) and three weeks following drought stress (b) and total phenolic one (c) and three weeks 
following drought stress (d). The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by different 
letters above the bars

 

Fig. 2  The impact of LED light priming on RWC in two M. officinalis genotypes was assessed one week (a) and three weeks (b) following drought stress. 
The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by different letters above the bars
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lighting when exposed to drought stress. Under control 
conditions, anthocyanin levels were generally lower in 
both genotypes than under drought conditions (Fig. 4a).

By the third week of drought stress, anthocyanin lev-
els had increased significantly compared to those in the 
first week. Red + blue and white LED lights produced 
the highest anthocyanin levels in both genotypes under 
drought stress. Notably, anthocyanin levels increased 
2.75 times in the Ilam genotype and 2 times in the Isfa-
han genotype between the first and third weeks (Fig. 4b).

Impact of LED priming on Prolin at one and three weeks 
following drought stress
Proline levels were significantly affected by drought 
stress, genotype, and light pre-treatment during both 
weeks of observation. In the first week, proline levels 
were moderately high under all lighting conditions, with 
the highest levels observed in the Ilam genotype under 
red LED lighting. Under control conditions, proline lev-
els were generally lower than those under drought stress 
conditions. Red + blue LED lighting resulted in higher 
proline levels compared to the greenhouse and other 
lighting setups, whereas white LED lighting led to the 
highest proline accumulation in the Isfahan genotype. 

Among the control plants, greenhouse lighting resulted 
in the lowest proline accumulation (Fig. 5a).

By the third week, under drought stress, the highest 
proline content was observed under blue LED and green-
house lighting, indicating that these conditions promote 
stress-related proline biosynthesis. Under control con-
ditions, proline levels remained lower than those under 
drought stress. Red + blue LED lighting consistently 
resulted in relatively higher proline levels than other 
lighting setups, with the Isfahan genotype showing the 
highest proline content under red + blue and white LEDs. 
However, the overall proline accumulation under control 
conditions was lower than that under drought stress con-
ditions. Notably, red + blue lighting consistently resulted 
in the lowest proline levels across conditions (Fig. 5b).

Impact of LED priming on ABA levels at one and three 
weeks following drought stress
The interaction between genotype, light, and drought 
stress significantly impacted ABA levels (Fig.  6). In the 
first week, drought stress increased ABA levels in both 
genotypes compared to controls. Red + blue and red 
LEDs produced the highest ABA levels under drought 
stress. The red + blue LED increased ABA by 6.5 and 2.5 

Fig. 6  The impact of LED light priming on ABA in two M. officinalis genotypes was assessed one week (a) and three weeks (b) following drought stress. 
The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by different letters above the bars

 

Fig. 5  The impact of LED light priming on proline in two M. officinalis genotypes was assessed one week (a) and three weeks (b) following drought 
stress. The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by different letters above the bars

 

Fig. 4  The impact of LED light priming on anthocyanin in two M. officinalis genotypes was assessed one week (a) and three weeks (b) following drought 
stress. The standard error is represented by vertical bars, and statistically significant differences (P < 0.01) are indicated by different letters above the bars
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times in the Ilam and Isfahan genotypes, respectively, 
compared to greenhouse light (Fig. 6a).

In the third week, red + blue, white, and greenhouse 
pre-treatments yielded the highest ABA levels under 
drought conditions. ABA levels increased under drought 
stress in both weeks, with the highest levels recorded for 
red + blue LED pre-treatment (Fig. 6b).

Discussion
This study found that fresh and dry weights of aerial 
parts and the number of leaves were higher in plants 
treated with LED lights compared to those grown under 
greenhouse lights. Under drought conditions, red + blue 
LED priming resulted in the highest leaf count, while 
red + blue and red LEDs increased fresh and dry weights 
compared to other treatments. Red + blue LED and red 
LED treatments are highly effective at boosting plant 
growth in both drought and normal conditions, mak-
ing them promising options for reducing the impact of 
drought stress. While both Ilam and Isfahan followed 
similar trends, Ilam often had slightly higher growth 
metrics under both drought and control. Drought stress 
significantly reduced growth parameters in both geno-
types across all light treatments, with leaf number reduc-
tion being a defensive mechanism against drought, as 
observed here. Drought stress severely hampers plant 
growth and development [1], reducing chlorophyll and 
carotenoid content, plant height, leaf area, and stem 
and root growth in basil, while increasing proline and 
carbohydrate levels [26]. Fresh weight reductions under 
drought, as seen in plants like Asteriscus maritimus [27] 
and Albizia [28], can result from inhibited cell expansion 
and reduced turgor pressure. The decrease in dry weight 
may stem from impaired growth, photosynthesis, and 
canopy structure, as observed in Abelmoschus esculen-
tum [29].

Although drought stress reduced growth indices in this 
study, red + blue and red LED pre-treatments minimized 
these reductions, helping plants maintain growth under 
drought conditions. Bello and colleagues obtained similar 
results to the current study regarding the effect of LED 
light priming on stem fresh weight [30]. Similar negative 
effects of drought on growth indices have been docu-
mented in grapes [31], where it suppresses photosynthe-
sis and growth by closing stomata [32]. This mechanism 
likely contributed to the reduced growth indices in lemon 
balm observed here. Drought-induced reductions in pho-
tosynthesis and assimilate production lead to early senes-
cence and lower yields in maize. However, red + blue 
and red LED pre-treatments supported leaf retention, 
improving seedling growth under drought conditions. 
Blue and red LEDs are predominantly used for plant 
growth among narrow-spectrum lights because their 
wavelengths, around 460  nm and 660  nm respectively, 

are highly efficient for chlorophyll absorption, leading to 
optimal photosynthetic performance [33].

A decline in RWC is an early indicator of drought 
stress [7]. In this study, light, genotype, and drought 
stress significantly influenced RWC, both individually 
and interactively, one and three weeks after stress appli-
cation. Drought reduced RWC in both genotypes across 
all light treatments, but red + blue and white LED pre-
treatments in the Ilam genotype and red + blue and blue 
LED pre-treatments in the Isfahan genotype achieved 
the highest RWC levels under drought stress. Red + blue 
LED consistently maintained higher RWC, indicating 
improved drought resistance, as supported by Nxele et 
al. [34]. Priming with red or yellow LED light enhanced 
RWC under drought stress in research by Huang et al. 
[16]. Also, Cáceres-Cevallos showed similar results about 
thyme plants primed with LEDs under drought condi-
tions [35].

Ilam shows stronger responses to drought in terms of 
both PAL activity and phenolic content. This suggests 
that it activates its defense mechanisms more robustly 
under stress, especially under favorable light treatments 
like red + blue LED. Red + blue LED provides the next 
best conditions under drought, with consistently high 
PAL activity and phenolic content. The combined spec-
trum may effectively stimulate stress responses in both 
genotypes. The accumulation of secondary metabolites is 
closely tied to environmental factors such as light, tem-
perature, and nutrient availability [36]. Stress conditions, 
including drought, increase the concentration of second-
ary products like phenols and terpenes [37]. For instance, 
Hypericum brasiliense plants grown under drought 
showed higher phenolic content compared to controls 
[11]. This study similarly found increased phenolic levels 
three weeks after drought stress in plants primed with 
LED lights, particularly red + blue LEDs. Cáceres-Ceval-
los and colleagues observed that light priming positively 
affected the phenolic compounds in thyme, even under 
severe drought conditions [35].

PAL enzyme activity varied across light treatments, 
peaking in plants treated with red + blue LED one and 
three week post-drought stress. Enhanced PAL activity 
often correlates with higher phenolic content, as shown 
in cucumber seedlings treated with different light con-
ditions [38]. This study confirmed a similar relationship 
between PAL activity and phenolic content in lemon 
balm under drought stress. Albergaria et al. [39] stated 
that medicinal plants increase the production of active 
compounds under drought stress, helping to protect 
against ROS and prevent damage to the photosynthetic 
apparatus. This could also be one of the defense mecha-
nisms of primed lemon balm plants to survive drought 
stress.
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Drought stress consistently results in higher anthocy-
anin accumulation compared to control conditions in 
both genotypes, indicating that anthocyanin biosynthesis 
is up regulated as a response to stress. The effects of dif-
ferent LED light treatments on anthocyanin production 
also vary. This study found that red + blue LED priming 
significantly enhanced anthocyanin levels in both geno-
types at both one and three weeks after drought stress. 
Anthocyanin content was notably higher three weeks 
post-drought compared to one week, suggesting that the 
stress response intensifies over time. Additionally, the 
Ilam genotype demonstrated a greater capacity to accu-
mulate anthocyanin under stress conditions compared to 
the Isfahan genotype, reflecting potential genetic differ-
ences in stress adaptation. Previous research shows that 
red LEDs promote phenolic compound accumulation, 
while red + blue LEDs enhance anthocyanin biosynthesis 
[40]. Phytochrome activation likely mediates this process 
by up regulating key enzymes such as PAL and chalcone 
synthase [41]. In this study, both PAL activity and antho-
cyanin levels increased significantly in plants treated with 
red + blue LEDs under drought conditions.

Proline is a marker of stress against UV-B damage and 
reduces cytosolic acidity under stress conditions [42]. In 
this study, proline content was found to be significantly 
higher under drought stress compared to control condi-
tions, indicating that it serves as a biochemical marker 
for drought stress tolerance. Red + blue LED, white LED, 
and greenhouse lighting consistently led to greater pro-
line accumulation under drought conditions in both 
genotypes. Proline levels tended to increase at three 
weeks compared to one week, likely reflecting a sustained 
response to prolonged drought stress. Additionally, the 
Isfahan genotype showed higher proline accumulation 
under drought stress than the Ilam genotype, particularly 
under white LED and red + blue LED lighting. This high-
lights potential genetic differences in drought tolerance 
mechanisms. Studies have shown that the wavelength 
of light affects the accumulation of proline; for example, 
proline was higher under blue LEDs than under white 
LEDs in tomato seedlings [42]. Rafeie et al. [43] discov-
ered that basil plants pre-treated with LED light showed 
higher proline levels when exposed to high salinity, sug-
gesting a beneficial effect of the light treatment in help-
ing the plants cope with stress. Herein, proline increased 
more drastically during the first week of drought stress 
compared to the third week. Accordingly, the greatest 
efficiency of pre-treatments belonged to the Ilam geno-
type in the application of red and blue LEDs while in the 
Isfahan genotype, white LEDs. It supports the role of pro-
line in osmotic balancing and its newly recognized func-
tion as an antioxidant.

The combination of red and blue LED light stands out 
as the most effective treatment for increasing ABA levels 

in plants under drought conditions for both genotypes. 
Between the two genotypes, Isfahan shows a stronger 
response to drought stress than Ilam, as indicated by 
higher ABA accumulation. Under normal (control) con-
ditions, ABA levels remain low across all treatments, 
highlighting that this stress hormone is specifically trig-
gered by water scarcity. As expected, both genotypes 
exhibit higher ABA concentrations during drought com-
pared to control conditions. This is because ABA plays 
a key role in helping plants manage water stress by clos-
ing stomata to reduce water loss [44]. Interestingly, Ilam 
has a slightly lower ABA response under drought com-
pared to Isfahan, suggesting that Isfahan may be bet-
ter equipped to handle drought stress. ABA is a critical 
hormone in drought response, synthesized in roots and 
transported to aerial parts under water stress, inducing 
stomata closure and reducing water loss [3]. Drought 
stress triggers significant ABA accumulation in Arabi-
dopsis leaves and roots [45]. Cáceres-Cevallos et al. [35] 
found that primed thyme plants had noticeably higher 
ABA levels than unprimed ones, across four different 
ecotypes (T4, T5, T6, and T7). This study found that 
drought stress increased ABA levels in both genotypes 
under LED pre-treatments compared to greenhouse 
light. Red + blue LED pre-treatment resulted in the high-
est ABA levels one and three weeks post-drought stress, 
further confirming the link between drought and ABA 
accumulation.

Conclusion
Results obtained from the present study indicate that 
red + blue LEDs had the most active pre-treatment role in 
mitigating potential drought stress effects in the growth, 
physiological, and biochemical characteristics of lemon 
balm genotypes. In contrast with the other LED groups, 
the highest values of fresh and dry weight, leaf number, 
RWC, phenolic content, as well as resistance markers 
such as proline and anthocyanin, under drought treat-
ment were obtained in red + blue LEDs-primed plants. 
Under red + blue LED pre-treatment, the Ilam genotype 
resisted drought stress more than the Isfahan genotype, 
though both genotypes benefited from LED priming. 
These results suggest that priming lemon balm plants 
is a suitable and effective way to increase tolerance to 
drought stress. However, this increase in tolerance also 
depends on the type of plant, plant species, and other 
conditions. As observed in the results, some parameters 
measured under drought stress were higher in the Ilam 
genotype and some in the Isfahan genotype, which is due 
to genotypic differences.
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