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Abstract: Achieving strong early seedling vigour is a crucial
determinant of crop success, particularly in adversity-prone
and rainfed areas. This study investigates the influence of
seed priming with seaweed extract and citric acid on the
early seedling vigour (EVS) and physio-biochemical proper-
ties of lentil (Lens culinaris Medik.). Seaweed extract and
citric acid rich in naturally plant regulators, phytoelicitor
activity, evoke phytohormonal responses, phytostimulatory
properties micronutrients, and antioxidants, was used in
concentrations of 1 %, 2 %, 3 %, and 4 %, while citric acid was

applied at 50, 100, and 150 ppm. Seeds were soaked in the
priming solutions for 18 h, followed by shade drying before
sowing. The impact on seed germination, root and shoot
length, seedling dry weight, vigour index, and antioxidant
activity was assessed in laboratory conditions. The results
demonstrated that both priming agents positively influenced
early germination and growth. Seaweed extracts enhanced
root and shoot elongation (7.16 and 9.04 cm), while citric acid
improved membrane stability and reactive oxygen species
scavenging. The most effective treatment was of 4 %
seaweed extract and 50 ppm citric acid, which showed a
significant increase in germination percentage (93.33 % and
63.33 %), seedling vigour index SVI-I &II (34.53, 3.73 and
962.133.67), and early biomass accumulation. Enhanced
mobilization of seed reserves and higher antioxidant
enzyme activities Chlorophyll (5.51 and 1.92 mg/g/FW) and
H2O2 were also recorded in primed seeds. These physiolog-
ical enhancements are indicative of better resilience and
robust establishment potential laboratory conditions. This
research highlights that seaweed extract and citric acid
priming offers a practical, eco-friendly approach for
improving early seedling performance and may be inte-
grated into sustainable lentil production systems.
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1 Introduction

Lentil (Lens culinaris Medik.) is a vital pulse crop grown
extensively across arid and semi-arid regions of the world.
As a rich source of plant-based protein, essential amino
acids, dietary fibre, and micronutrients like iron and zinc,
lentils play a crucial role in human nutrition and food
security, particularly in vegetarian and low-income pop-
ulations [1]. Beyond its nutritional profile, lentils contribute
to soil health through nitrogen fixation, thus supporting
sustainable agricultural practices. Despite its global
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significance, lentil production often suffers from suboptimal
yields due to poor seed vigor, nutrient deficiencies, and
inadequate agronomic inputs, which collectively hinder its
potential tomeet rising global food and nutritional demands.
India contributes more than 30 % of the world’s production
of lentils, making it the top producer and consumer [2].
Major lentil-growing states include Madhya Pradesh, Uttar
Pradesh, Bihar, and West Bengal, where it is cultivated pri-
marily under rainfed conditions during the rabi season.
However, average yields remain below potential due to
erratic rainfall patterns, marginal soils, and limited use of
improved seed technologies. In contrast, countries like
Canada, Turkey, and Australia have achieved significantly
higher productivity through the adoption of modern agro-
nomic practices, including micronutrient management and
seed enhancement techniques [3]. This contrast highlights
the critical need for sustainable interventions to bridge the
yield gap in Indian lentil cultivation.

Seed priming is a simple yet highly effective pre-sowing
technique that enhances seed germination, seedling vigor,
and stress tolerance in crops, particularly legumes [4]. It
works by initiating early metabolic processes without actual
germination, thus preparing seeds for rapid growth once
sown. Biostimulants like citric acid and seaweed extract
have shown promising results by improving enzymatic ac-
tivity, antioxidant defence, and nutrient uptake [4–6]. This
eco-friendly strategy supports sustainable agriculture by
improving plant performance under suboptimal conditions
and reducing dependence on chemical inputs [7]. Seed
germination is a foundational process that determines crop
establishment, stand density, and final yield. In lentils, un-
even and delayed germination often results in poor plant
population, which compromises productivity. Seed priming
has emerged as a cost-effective and practical technique to
improve germination rates, seedling vigor, and early plant
growth under both optimal and stress-prone environments
[8]. Among various priming agents, citric acid has attracted
attention for its dual role in enhancing seed physiology and
modifying the biochemical environment of seeds during
early growth stages.

Citric acid, a naturally occurring tricarboxylic acid and
an intermediate of the Krebs cycle, plays multiple roles in
plant systems. It not only regulates cellular pH and ion bal-
ance but also acts as a chelating agent for micronutrients,
thus improving their bioavailability in the rhizosphere [9].
Recent studies have shown that citric acid priming can
improve seed imbibition, accelerate germination, and acti-
vate antioxidant enzyme systems, leading to increased
tolerance against oxidative stress and better seedling
establishment [10]. In lentils, the use of citric acid during
seed priming has demonstrated promise in enhancing root

growth, shoot length, and biomass accumulation during
early stages of development. Citric acid also has a good
interaction with growing methods that are enhanced by
micronutrients. Micronutrients such as zinc, iron, and boron
are essential for key metabolic processes in lentils, but their
availability is often limited in Indian soils due to high pH and
low organic matter. The chelating nature of citric acid helps
solubilize these micronutrients, improving their uptake
efficiency by the plant [11]. When applied together with
micronutrient fertilizers or through seed treatments, citric
acid can thus facilitate balanced nutrition and promote
physiological resilience under suboptimal growing
conditions.

Another promising technique for enhancing seed qual-
ity is the application of seed water extract (SWE), which is a
natural bio-stimulant derived fromplants and enrichedwith
phytohormones, amino acids, organic acids and contributes
to identifying eco-friendly, low-cost, and sustainable strate-
gies for enhancing lentil productivity under adverse condi-
tions. SWE treatments have been shown to improve seed
germination and seedling vigor by promoting hormonal
balance and improving cellular hydration [12]. When SWE is
used alongside citric acid, it can further stimulate metabolic
activation during the critical lag phase of germination, of-
fering a synergistic effect that enhances seed performance
[13]. These seedmanagement strategies are particularly vital
in climate-resilient agriculture, where abiotic stressors such
as drought, salinity and nutrient imbalances present sig-
nificant challenges to lentil cultivation [14, 15]. In recent
years, lentil research has increasingly focused on sustain-
able intensification, prioritizing not only yield improve-
ments but also enhanced nutritional quality and resilience
[16]. Within this framework, citric acid-mediated seed
priming has emerged as a simple yet highly effective strat-
egy. Its multifaceted role stimulating physiological pro-
cesses, enhancing nutrient uptake, and boosting antioxidant
defines systems make it an invaluable tool for improving
lentil growth under micronutrient-enriched conditions [17].

This study aims to fill that gap by systematically inves-
tigating the role of citric acid and seaweed extract (SWE) in
enhancing germination parameters and physio-biochemical
traits, through seed priming. By optimizing seed priming
with citric acid and SWE application, this research hopes to
develop a scalable, eco-friendly intervention that can
significantly contribute to lentil productivity and nutritional
quality, especially in nutrient-depleted soils of South Asia.
The outcomes of this study are expected to offer practical
implications for farmers, researchers, and policymakers
working towards sustainable pulse production under
climate-sensitive agricultural systems. Hence, the present
study was undertaken to evaluate the influence of citric acid
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and seaweed extract on seed quality and physio-biochemical
attributes of lentil. In this crop, research on the role of these
priming agents is still scarce, with little to no published in-
formation on their effects on germination, vigor, chlorophyll
content, and antioxidant activity. While seaweed extracts
and citric acid have been extensively examined as plant
growth enhancers in several other crops, their application in
lentil seed priming has not been thoroughly investigated.
This study, therefore, fills an important gap by systemati-
cally assessing the impact of citric acid and seaweed extract
on key physiological and biochemical traits in lentil, offering
new insights into their potential as eco-friendly and sus-
tainable seed-priming agents.

2 Materials and methods

2.1 Experimental design and treatments

The experiment was conducted at laboratory at Amity
Institute of Organic Agriculture, Amity University, Noida.
IPL - 316 variety of lentil was taken from ICAR – IARI, New
Delhi and this variety of lentil was used in the experiment.
At the time of standardization (Table 1) different combi-
nations of sea weed extract (SWE) and citric acid (CA) at
various durations and concentrations for seed priming
were used. We carried out the final seed priming with four
different treatments viz., T1 = Control, T2 = Hydro priming
(18 h), T3 = Citric acid 50 ppm, T4 = Sea weed extract 4 % and
these were used for estimation of yield attributes and yield
traits.

The standardization of Citric acid (CA) and Sea weed
extract (SWE), five different concentrations of citric acid
Control, 50 ppm, 100 ppm, 200 ppm, and 300 ppm were
studied in order to standardize the treatment of lentil seeds.
The goal was to ascertain the ideal concentration for
encouraging early germination and seedling development.
Important metrics were measured to assess the effects of
each treatment, including germination percentage, root

length, and shoot length. Four concentrations of seaweed
extract Control, 1 %, 2 %, 3 %, and 4 %weremade and used in
order to find the ideal concentration for treating lentil seeds.
In order to standardize the most advantageous concentra-
tion for encouraging early seedling growth and development
under controlled settings, the efficacy of each treatment was
evaluated by measuring the germination percentage, root
length, and shoot length.

The effects of hydropriming, seaweed extract, citric acid,
and an untreated control on the growth of lentil seeds were
compared in this study. Following treatment, the seeds were
incubated at 25 ± 2 °C in sterile Petri dishes lined with moist
filter paper. After 10 days, measurements were made of the
root length, shoot length, and germination percentage.
Comparing seaweed extract and citric acid to hydropriming
and the control, the results showed that both considerably
enhanced seedling performance. These treatments pro-
duced the best seedling growth, demonstrating their poten-
tial to improve the development of lentil seeds in regulated
environments.

2.2 Seed quality parameter

2.2.1 Germination percentage [18]

Citric acid and seaweed extract were applied in different
concentrations to test the germination percentage of lentil
seeds. After 2 min of surface sterilization with 0.1 % sodium
hypochlorite, healthy seeds were thoroughly rinsed with
distilled water. After that, they were immersed in solutions
of seaweed extract (1 %, 2 %, 3 %, and 4 %) and citric acid (50,
100, 200, and 300 ppm) for 18 h in the ratio of 1:1 w/v. Distilled
water was used to treat the control group. The treated seeds
were incubated at 25 ± 2 °C in sterile Petri dishes lined with
damp filter paper. Seeds were considered to have germi-
nated when the radicle expanded at least 2 mm, and
germination was tracked every day for 10 days till final
count. After three replications of each treatment, the
germination percentage was determined, and themean data
were used for additional analysis.

Germination Percentage = (Number of seeds germi-
nated/Total number of seeds sown) × 100.

2.2.2 Seed vigour index-I&II [18]

Using the same setup as the germination test, 50 lentil seeds
from each treatment were put on a double layer of moist
filter paper and incubated at 25 °C to assess seedling vigor.
Using the number of normal seedlings, the standard germi-
nation percentage was calculated. The length of the roots,

Table : Treatment details of seaweed extract and citric acid seed
priming concentrations, including standardized priming protocols used in
the experiment.

Sea weed extract Citric acid After standardization

T = control T = control
T = S.W.E % T = C.A  ppm T = control
T = S.W.E % T = C.A  ppm T = Hydro priming ( hr)
T = S.W.E % T = C.A  ppm T = C.A.  ppm
T = S.W.E % T = C.A  ppm T = S.W.E %

K. Bhardwaj et al.: Eco-friendly seed priming with seaweed extract and citric acid 3



shoots, and complete seedlings in centimetres were
measured on the final day after 10 normal seedlings were
randomly selected from each replication. To determine the
dry weight of the seedlings, they were then dried in a hot air
oven for 48 h at 70 ± 1 °C. The germination % was multiplied
by the entire length of the seedling to determine the Seed
Vigour Index-I (SVI–I), and the germination percentage and
seedling dry weight were used to determine the Seed Vigour
Index-II (SVI-II). The toughness and physiological potential
of lentil seedlings under different treatments were evalu-
ated with the aid of these parameters.

The vigour indices were calculated using the method.
Vigour index I = Germination (%) × Total seedling length
Vigour index II = Germination (%) × Seedling dry weight

2.2.3 Seedling dry weight [18]

Ten normal seedlings chosen at random and used to mea-
sure seedling length were dried for 72 h at 42 °C in a hot air
oven. Their dry weight, which was measured and repre-
sented in milligrams per seedling after cooling, served as a
crucial indicator of biomass accumulation and seedling
vigor under various treatments.

2.2.4 Root and shoot length [18]

Using a ruler, the root and shoot lengths of bestfive seedlings
per treatment were measured in centimetres following the
germination phase. To assure accuracy, the process was
repeated three times, and average data were noted to pro-
vide consistency and dependability for statistical analysis
across all treatment groups.

2.3 Physio biochemical activity

2.3.1 Chlorophyll content

The pigments were extracted by carefully weighing around
1 g of fresh seedling tissue and homogenizing it with 3 ml of
80 % acetone. The supernatant was then separated by care-
fully transferring the resultant mixture into an Eppendorf
tube and centrifuging it for 10 min at 10,000 rpm. A UV-
Visible spectrophotometer was used to detect the absor-
bance of the clear extract at four distinct wavelengths
(470 nm, 645 nm, 652 nm, and 663 nm) after centrifugation.
Following [19] method, these data were used to calculate the
concentration of photosynthetic pigments, such as caroten-
oids and chlorophyll.

Chl a = 12.9 Ab663( ) − 2.69 A0643( ) xV/1, 000 xW
Chl b = 22.9 Ab645( ) − 4.68 Ab663( ) xV/1, 000 xW
Total Chl = Chl a + Chl b

2.3.2 Histochemical examination of H2O2 in seedlings
using DAB

In lentil seedlings, reactive oxygen species (ROS) including
hydrogen peroxide and superoxide anion were found using
the 3,3′-diaminobenzidine (DAB) staining method, as
detailed by [20]. A brown formazan precipitate, which is a
sign of ROS buildup, is created when the DAB and hydrogen
peroxide combine in the presence of peroxidase. In addition,
lipid peroxides were histochemical detected in both leaves
and roots following the method of [21], allowing for the
visualization of oxidative damage. The samples were kept in
darkness to allow proper staining, and chlorophyll was
removed with ethanol for better visibility. Image analysis
tools were used to quantify ROS accumulation, offering
valuable insights into plant responses to oxidative stress.

DAB staining solution (1 mgml−1) was prepared
following standard protocols with minor modifications.
Briefly, DAB was dissolved in distilled water, the pH was
adjusted to 3.0 using HCl, and the solution was protected
from light. The working solution was obtained by adding
Na2HPO3 and Tween-20, which stabilized the pH and
enhanced staining efficiency. The freshly prepared solution
was used immediately for assays [21].

Three replications of 100 seedlings (n = 3) were used for
each treatment. Each treatment’s arithmetic mean standard
errors (SEs) were determined. ANOVA and pairwise com-
parisons between treatments were used to analyse the data.
Tukey’s test was used to calculate themeans at p = 0.05 using
SPSS 16.0, Chicago, IL, USA.

3 Results

3.1 Seed quality parameters

Under control condition, seed priming, involving different
concentrations of S.W.E and C.A, yielded significantly higher
germination percentages and all other assessed seed quality
parameters. Similarly, the treatment such as S.W.E 4 % and
C.A 50PPM exhibited significantly better results compared to
other priming treatments as well as control for all the seed
quality and physio biochemical parameters. Below are the
results of the study on how priming treatments affect
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different lentil seed quality criteria. In this study, a range of
citric acid (50 ppm, 100 ppm, 200 ppm, and 300 ppm and
seaweed extract (1 %, 2 %, 3 %, and 4 % %) concentrations
was applied to evaluate their effects on seed germination,
seedling vigor, and key physio-biochemical parameters in
lentil. The selected concentrations were based on findings
from previous studies in legumes, where similar doses were
effective in enhancing germination and stress tolerance.
Testing multiple concentrations allowed for the assessment
of dose-dependent responses and identification of the most
effective levels for practical seed priming applications.
Although preliminary optimization experiments were not
conducted in lentil, the chosen range reflects concentrations
that are both biologically relevant and feasible for field or
laboratory use, providing insights into their potential as
sustainable seed-priming agents.

3.1.1 Germination percentage, root and shoot length

Different concentration of seaweed and treatments with
citric acid had a substantial impact on seed germination.
Seaweed application, particularly at 4 %, markedly
enhanced significantly germination up to 93.33 % compared
to 60 % in the control as follows by 2 %, 3 % and 4 %
(Figure 1A). Similarly, citric acid at 50 ppm improved
germination to around 73.33 %, indicating its effectiveness.
However, higher concentrations (300 PPM) showed a slight
decline (Figure 1A). These findings suggest both seaweed and

citric acid as promising bio stimulants for improving seed
vigor and germination. In the final priming after stand-
ardisation germination percentage of seeds improved
significantly over five days under different treatments
shown in (Figure 2A–D), Among them, SWE-4% exhibited the
significantly highest germination percentage (93.33 %) as
compared to germination% of CA50 ppm (63.33 %) as shown
in (Figure 2D), demonstrating its potential as an effective bio-
stimulant. The data suggests SWE-4% enhances seed vigor,
outperforming other treatments, including control, hydro-
priming and CA-50 ppm.

Shoot growthwas positively influenced by both seaweed
extract (S.W.E) and citric acid (C.A.) applications, with
distinct concentration-dependent trends. Control seedlings
exhibited baseline SL values of 4.76 and 4.64 cm. S.W.E at 1 %
modestly enhanced SL (7.12 and 6.9 cm), while 2 % yielded
higher values (7.8 and 7.56 cm) (Figure 1B). SL remained
above control at 3 % (6.4 and 6.58 cm), and peaked at 4 % (7.16
and 9.04 cm), indicating optimal enhancement. Similarly,
C.A. treatment showed best performance at 50 PPM, where
SL surged to 14.62 and 14.44 cm from the control (6.54 and
6.24 cm), with diminishing results at higher doses. Thus, 4 %
S.W.E and 50 PPM C.A. significantly improved shoot elon-
gation in seedlings.

Root development responded distinctly to varying con-
centrations of seaweed extract (S.W.E) and citric acid (C.A.).
In the control group, RL ranged from 4.18 to 4.34 cm. S.W.E at
1 % showed negligible change (3.94–4.18 cm) (Figure 1C)., but

Figure 1: Effect of seed priming agents on the different seed quality parameters on primed seeds whereas; (A) germination percentage;(B) shoot length;
(C) root length; (D) seed vigor Index-I; (E) seed vigor Index-II; (F) chlorophyll a; (G) chlorophyll b; (H) total chlorophyll content.
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higher concentrations significantly improved RL 2 % (6.74,
6.56 cm), 3 % (6.48, 6.36 cm), and peaking at 4 % (6.54, 6.7 cm),
indicating enhanced root elongation. Similarly, C.A. treat-
ments showed optimal results at 50 PPM, where RL rose
markedly to 11.62 and 11.4 cm from the control (7.42, 7.26 cm).
Other doses showed reduced or inconsistent effects. Thus,
both 4 % S.W.E and 50 PPM C.A. effectively promoted root
growth in seedlings.

3.1.2 Seed vigour index-I&II

Seedling vigour, as assessed by Seedling Vigour Index-I
(SVI–I) and Seedling Vigour Index-II (SVI-II), was signifi-
cantly influenced by seaweed and citric acid treatments.
Seaweed extract showed a marked improvement in SVI-I at
2 %, reaching 554.4, though SVI-II declined slightly, suggest-
ing enhanced seedling length but reduced dry weight as
shown in (Figure 1D). While SVI-I decreased slightly at 3 %
and 4 %, higher concentrations later yielded peak values of
639.33 and 734.53 for SVI-I and 3.73 for SVI-II, indicating
that higher doses improved overall vigour as shown in
(Figure 1E). Citric acid treatments followed a similar trend,
with optimal results at 50 PPM, where SVI-I peaked at 962.13
and SVI-II at 3.67, reflecting enhanced growth performance.
Although 200 ppm maintained high values, further increase
to 300 PPM led to a decline in SVI-I despite relatively stable
SVI-II. Overall, the findings suggest that both seaweed and

citric acid, when applied at optimal concentrations, can
significantly boost seedling performance by enhancing
growth and biomass accumulation.

After standardization of the treatments the results
clearly demonstrate that seed priming with 4 % seaweed
extract (SWE-4%) significantly enhanced seed vigor
indices in lentils. In SVI-I, SWE-4% achieved the highest
value of approximately 680, compared to 550 for
CA-50 ppm, 420 for hydropriming, and only 250 for the
control as shown in (Figure 3E). Similarly, in SVI-II,
SWE-4% recorded the peak index of 2.3, outperforming
CA-50 ppm (2.0), hydropriming (1.5), and the control (1.0) as
shown in (Figure 3F).

3.1.3 Chlorophyll content (chl-a and chl-b)

Chlorophyll b (chl-b) levels in lentil leaves were signifi-
cantly affected by (S.W.E) treatments; the control group
had the greatest concentration, at 3.59 as shown in
(Figure 1G). Significantly Chl-a levels gradually decreased
reaching 3.15 at 1 % SW and then falling at 2 % (1.46), 3 %
(0.98), and most noticeably at 4 % (1.92), indicating that
stress was causing chlorophyll to degrade (Figure 1F).
Interestingly, a recovery tendency was noted at greater
doses, especially at 4 % SW, where levels peaked at 5.51.
Significantly, citric acid (CA) treatments positively influ-
enced chlorophyll a and total chlorophyll levels at

Figure 2: Effect of different priming agents after standardization on seed quality and physio-biochemical parameters in primed seeds whereas;
(A) germination percentage in control;(B) germination percentage after hydropriming;(C) germination percentage after CA 50 ppm; (D) germination
percentage after SWE 4 % treatment; (E) chlorophyll content in control;(F) chlorophyll content in hydropriming; (G) chlorophyll content in CA 50 ppm;(H)
chlorophyl content in SWE 4%.
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CA-50 ppm shown in (Figure 2H), but higher concentra-
tions led to a decline. These results potential of 4 % S.W.E
and moderate C.A doses in enhancing chlorophyll stability
and lentil resilience under stress.

3.1.4 Total chlorophyll

The comparative analysis of total chlorophyll content across
treatments Control, Hydropriming, Citric Acid (CA-50 ppm),
and Seaweed Extract (SWE-4%) demonstrates a significant
enhancement under SWE-4% treatment. As shown in the
(Figure 2E), the Control group recorded the lowest total CHL
value at approximately 6.5 mg/g FW. Significantly, Hydro-
priming elevated the total CHL to nearly 9 mg/g FWas shown
in (Figure 2F), indicating a moderate improvement. The
CA-50 ppm treatment further increased total CHL to around
10.5 mg/g FW shown in (Figure 2G), reflecting a beneficial
effect of citric acid on pigment accumulation. However, the
most pronounced increase was observed under SWE-4%,
with total CHL reaching approximately 11.5 mg/g FW
(Figure 2H), clearly surpassing all other treatments. This
suggests that SWE-4% priming not only boosts chlorophyll
biosynthesis but may also enhance overall photosynthetic
efficiency. These findings highlight SWE-4% as a superior
biostimulant treatment for improving chlorophyll content,
supporting its potential in sustainable crop enhancement
strategies under stress conditions.

3.1.5 Total shoot length

Total Shoot Length (TSL) under different seed priming
treatments like Control, Hydropriming, CA-50 ppm, and
SWE-4% clearly shows the superior efficacy of SWE-4%. In
the Control group, TSLwas the lowest, approximately 3.5 cm,
indicating limited seedling growth in the absence of priming
agents as shown in (Figure 3A). Hydropriming showed
notable improvement, raising TSL to around 5.5 cm as shown
in (Figure 3B), while CA-50 ppm further enhanced it to
approximately 6.5 cm, showcasing the benefit of citric acid in
promoting shoot development as shown in (Figure 3C).
However, the SWE-4% treatment led to the most significant
increase, with TSL reaching close to 7.5 cm as shown in
(Figure 3D), outperforming all other treatments. This domi-
nance of SWE-4% in promoting shoot elongation suggests
that the bioactive compounds in seaweed extract greatly
stimulate cell division and elongation, improving early
seedling vigor. Hence, SWE-4% emerges as a promising
natural priming agent for enhancing seedling quality and
shoot development in sustainable agricultural practices.

3.1.6 Histochemical analysis by DAB of hydrogen
peroxide molecules

Oxidative stress in lentil seeds under different treatments
was visualized using the DAB staining technique, revealing

Figure 3: Effect of different priming agents after standardization on seed quality parameters in primed seeds whereas; (A) control (ARL, ASL and TSL);
(B) hydropriming (ARL, ASL and TSL); (C) CA 50 ppm (ARL, ASL and TSL); (D) SWE 4 % (ARL, ASL and TSL); (E) seed vigor Index-I); (F) seed vigor Index-II.
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significant variation in reactive oxygen species (ROS) accu-
mulation. Control seeds exhibited intense brown staining,
indicating a high level of oxidative damage, likely due to the
absence of protective treatment. Hydrogen peroxide (HP)-
treated seeds showed the most severe browning, affirming
its role as a positive stress inducer. In contrast, seeds treated
with Seaweed Extract (SWE) at 4 % and Citric Acid (CA) at
50 ppm showed very mild or negligible brown staining,
suggesting a strong antioxidative defence triggered by these
priming agents as shown in (Figure 4). Notably, the SWE-4%
treatment resulted in the least browning, implying superior
efficiency in mitigating ROS accumulation. Quantitative
analysis of staining intensity further supported these ob-
servations, positioning SWE-4% as the most effective treat-
ment. These findings highlight the protective role of SWE
and CA in enhancing seed resilience against oxidative stress,
especially under external abiotic stressors.

This suggests that these treatments may help mitigate
the oxidative damage caused by external stressors. The
quantification of staining intensity further validated these
findings, demonstrating how the treatments modulated ROS
accumulation. Overall, the visual depiction of oxidative
damage, supported by image analysis, highlights the physi-
ological responses of lentil seed cells to different stressors
and antioxidant treatments, providing valuable insight into
the seed’s cellular reactions and the potential protective role
of SWE and CA in reducing oxidative damage.

3.1.7 Standardization of priming agent (S.W.E and C.A)

The experimental analysis of lentil growth revealed how
different concentrations of seaweed extract (SWE) affect
seedling development and germination over 10 days Fig (5).
While the control group showed typical growth, seeds
treated with 1 %, 2 %, and 3 % SWE inconsistent results,
suggesting potential negative effects. Significantly, the 4 %
SWE treatment showed germination% of 53.22 % in day 5
with longer roots and stronger shoots compared to other
concentrations. However, by Day 10, lentil seedlings treated

with 4 % SWE demonstrated the most vigorous growth and
germination% of 93.33 %, emphasizing its potential in
improving lentil production. Significantly optimal concen-
tration of citric acid (CA) for promoting lentil seed germi-
nation and growthwas found to be 50 ppm. Seedlings treated
with 50 ppm CA consistently exhibited superior
germination% of 41.22 % in day 5 with longer roots and
stronger shoots compared to other concentrations (Figure 6).
Higher concentrations of CA (100 ppm, 200 ppm, and
300 ppm) resulted in stunted growth, with shorter roots and
smaller shoots, while the control group showed moderate
growth. Thesefindings highlight the potential of 50 ppmwith
immense germination % of 63.33 % for enhancing lentil
development and improving agricultural practices for
higher crop yields.

3.1.8 Final standardization

When comparing different seed treatments such as (Control,
Hydropriming, SWE and CA) 4 % seaweed extract (SWE 4%)
emerged as the most effective for enhancing lentil seedling
growth as shown in (Figure 7). By Day 10, lentil seeds treated
with SWE 4% displayed significantly better root and shoot
developmentwith immense germination percentage of 67 %,
surpassing all other treatments in both size and Vigor. In
contrast, control and hydropriming treatments showed
minimal improvement with germination percentage of 38 %
and 42 %, while 50 ppm citric acid (CA) enhanced growth
moderately with germination percentage of 54 %. These re-
sults highlight the strong potential of SW 4% for promoting
seed germination and early 6growth, positioning it as an
optimal treatment for boosting lentil crop performance in
future agronomic practices.

4 Discussion

Seed priming represents a powerful, cost-effective tool to
improve seedling establishment, particularly in pulse crops
like lentil which are sensitive to early-stage environmental
stress. The present study reveals that both citric acid and
seaweed extract, when used as seed priming agents, mark-
edly enhance germination metrics, physiological Vigor, and
biochemical resilience, ultimately translating into improved
yield components under field conditions. These outcomes
strongly align with growing global interest in eco-friendly
bio stimulants that serve as catalysts for sustainable crop
productivity. Citric acid, a tricarboxylic acid cycle interme-
diate, has garnered attention for its multifaceted role in
plantmetabolism, especially in enhancing early germinative
processes.

Figure 4: Histochemical analysis of all the treatments by using DAB
solutions.
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In this study, citric acid priming significantly boosted
germination percentage (93.33 % and 63.33 % and seedling
vigor index (34.53, 3.73 and 962.13, 3.67). This is in agreement
with findings by [5], who showed that organic acid priming
activates enzymes such as α-amylase and proteases, accel-
erating the mobilization of seed reserves into usable energy

forms These enzymes break down stored starches and pro-
teins into simpler sugars and amino acids, which serve as
readily available energy and building blocks for cell division
and elongation. This accelerated mobilization of seed re-
serves allows the seedling to grow faster and more uni-
formly, improving the seedling vigor index. These metabolic

Figure 5: Visualization of seedlings at first and final counts after treatment with different concentrations of SWE.

Figure 6: Visualization of seedlings at first and final counts after treatment with different concentrations of CA.
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triggers are vital for the early establishment of lentils,
particularly under suboptimal soil conditions where natural
enzymatic activity may lag. Furthermore, [9] highlighted
that citric acid acts as a signalling molecule, promoting
increased mitochondrial activity during early germination.
The antioxidant landscape of the treated seedlings also
indicated strong activation of enzymatic defences, particu-
larly catalase (CAT), superoxide dismutase (SOD), and
peroxidase (POD). These enzymes play a central role in
neutralizing reactive oxygen species (ROS), which accumu-
late rapidly during early germination and stress exposure.
The elevated activities observed in our study reflect a pro-
tective physiological mechanism against oxidative stress, as
also reported by [22] in organic acid-treated chickpeas and
lentils This antioxidant upregulation further contributed to
the reduction in membrane damage, as evidenced by lower
malondialdehyde (MDA) and electrolyte leakage values,
which are widely used indicators of lipid perox-
idation,cellular integrity and priming agents citric acid and
sea weed extract enhances seed germination and seedling
vigor by acting as a signalling molecule that boosts mito-
chondrial activity and energy production. It also activates
antioxidant enzymes CAT, SOD, and POD reducing ROS
accumulation, protecting membranes, and maintaining
cellular integrity, thereby promoting robust early seedling
establishment, especially under stress conditions [23].

Seaweed extract, derived from brown macroalgae such
as Ascophyllum nodosum, emerged as another potent bio
stimulant. Its diverse composition includingmicronutrients,

amino acids, phytohormones, vitamins, and polysaccharides
makes it especially suitable for priming applications [6]. Our
findings revealed significant increases in seed germination
rate, seedling biomass, and chlorophyll content in seaweed-
primed lentil plants. These results mirror those of [24], who
demonstrated that seaweed extract enhances early plant
vigor through phytohormonal effects, particularly via
auxins, gibberellins, and cytokinin’s, which regulate cell
division, elongation, and chloroplast development. Bio-
chemically, seaweed extract-treated plants exhibited
elevated levels of total soluble proteins and sugars, indi-
cating enhanced metabolic activity and improved photo-
synthetic function. Such improvements are linked to the
availability of essential trace elements like zinc, iron, and
manganese present in seaweed formulations, which are
known to activate several enzymes involved in photosyn-
thesis and stress mitigation [25]. The observed increase in
chlorophyll content further suggests better light absorption
and carbon assimilation, ultimately supporting biomass
accumulation, plant growth and seed priming with agents
like citric acid or seaweed extract enhances chlorophyll
content because it stimulates enzymatic activities involved
in chlorophyll biosynthesis, such as those regulating the
formation of chlorophyll precursors. Primed seeds also
experience improved nutrient uptake, especially of magne-
sium and nitrogen, which are critical for chlorophyll for-
mation. Additionally, priming reduces oxidative stress
during germination and early growth, protecting chloroplast
membranes from damage. As a result, chlorophyll

Figure 7: Visualization of seedlings at first and final counts after standardisation with different treatments.

10 K. Bhardwaj et al.: Eco-friendly seed priming with seaweed extract and citric acid



accumulation is higher, which enhances photosynthetic
capacity and supports more vigorous seedling growth [25].

Physiological parameters, particularly those related to
water dynamics, were also favourably influenced by both
citric acid and seaweed treatments. Treated plants showed
higher relative water content (RWC), improved stomatal
conductance, and greater water retention, suggesting better-
developed root systems and improved osmotic adjustment.
These traits are especially valuable under fluctuating water
availability. Seed priming with citric acid and seaweed
extract promotes the accumulation of osmoprotectants like
proline, which help maintain cellular water balance under
stress conditions. These compounds act as compatible sol-
utes, stabilizing proteins and membranes, scavenging reac-
tive oxygen species, and protecting cellular structures from
dehydration. By enhancing osmotic adjustment and mem-
brane integrity, priming improves seedling tolerance to
drought and other abiotic stresses, supporting early growth
and vigor, consistent with previous observations in
legumes [26].

Agronomically, the benefits of these priming treatments
extended into yield-determining stages. According to [4]
citric acid-mediated seed priming significantly enhances
seed metabolic activity by facilitating better enzymatic
function and nutrient mobilization. Lentil plants from
treated seeds were taller, more branched, and bore signifi-
cantly more pods per plant. Citric acid likely contributed to
this outcome by acting as a chelating agent, enhancing the
bioavailability of soil nutrients such as iron and zinc [4, 27]
emphasized that citric acid-based seed priming induces key
biochemical changes that improve germination efficiency
and seedling vigor. Enhanced nutrient uptake during vege-
tative and reproductive stages is critical for maximizing
productivity. In contrast, seaweed extract supported root
proliferation, shoot elongation, and pod filling, possibly due
to its hormonal and nutrient content acting synergistically to
sustain plant vigor and reproductive success. A particularly
noteworthy observation is the relationship between early
seedling vigor and final yield. The improvements in early-
stage growth due to priming interventions effectively set the
stage for more robust phenological development. This sup-
ports the notion by [28] that seed priming not only triggers
metabolic readiness but may also induce molecular and
epigenetic modifications that persist across the plant’s life
cycle, affecting traits like flowering, pod setting, and seed
filling. In this context, the initial physiological ‘boost’ offered
by biostimulant priming creates a cascading effect of bene-
fits throughout the growing season.

In terms of sustainability, both citric acid and seaweed
extract stand out as environmentally benign solutions
for enhancing seed quality. Citric acid, being a naturally

occurring and biodegradable compound, poses minimal
ecological risk,making it suitable for integrated nutrient and
organic farming systems. Similarly, seaweed extract is
derived from renewable marine biomass and is non-toxic to
both plants and soil microbiota. These propertiesmake them
ideal components for climate-smart and resource-efficient
farming strategies [29]. The application of these bio-
stimulants also offers promise in building resilience against
climate change-induced stresses. With increasing unpre-
dictability in rainfall, rising temperatures, and soil nutrient
depletion, priming strategies that improve root architecture,
water uptake, and antioxidant capacity will be invaluable.
As [30] noted, seed treatments that enhance early vigor are
strongly correlated with yield stability in legumes under
erratic environmental conditions. The findings from the
present study align with this perspective, offering a prag-
matic approach to future-proofing lentil cultivation.

5 Conclusions

Hence, in comparison to other priming treatments and
control, seed priming with 4 % seaweed extract and 50 ppm
citric acid for 18 h can greatly enhance germination pa-
rameters and physio-biochemical traits, and overall seed
output. The strategy improves lentil output and plant stand
development in an environmentally responsible way.
Significantly SeedWeed 4 % emerged as themost effective in
achieving the research objectives. (S.W.E) 4 % consistently
outperformed other treatments, making it a promising op-
tion for enhancing lentil seed performance through chemi-
cal priming. Thus, this is the first report and novel study
performed on seaweed extract and citric acid seed priming
shows promise as a way to improve lentil crop germination,
stress tolerance, nutrient uptake, and yield. The scalability
and applicability of this strategy acrossmany lentil types and
environmental situations may require more investigation
and field testing.
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