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ABSTRACT

This study aimed to evaluate and compare the effectiveness of various fertilizer treatments on the
growth performance and yield of Trigonella foenum-graecum L. (fenugreek), a leguminous plant
valued for its nutritional and medicinal properties. The primary research question was to
determine which treatment - chemical fertilizers (CF), vermicompost (VC), biofertilizers (BF),
nitrogen-fixing bacteria (NFB), or silver nanoparticles (AgNPs) - most significantly enhances
growth parameters and yield under controlled conditions. The experiment involved applying each
of the five treatments individually to fenugreek plants, along with an untreated control group. Key
parameters including germination percentage, plant height, number of leaves, biomass
accumulation, chlorophyll content, nodulation, and pod yield were recorded. Statistical analysis
was conducted using one-way ANOVA followed by Tukey’s HSD post hoc test to assess
significance at p < 0.05. Silver nanoparticles led to the highest increase in plant height (38.2 ± 1.4
cm) and biomass yield (14.6 ± 0.7 g), followed by NFB and VC treatments. The NFB group showed
a statistically significant improvement in nodulation and chlorophyll content (p = 0.003),
indicating enhanced nitrogen fixation. Although CF promoted fast vegetative growth, it was less
favorable in terms of soil sustainability. Bio-based fertilizers, particularly AgNPs and NFB,
significantly improved fenugreek growth and yield, offering a sustainable alternative to chemical
fertilizers in legume cultivation.

KEY WORDS: Trigonella foenum-graecum L., Vermicompost, Silver nanoparticles, Nitrogen-
fixing bacteria, Sustainable agriculture.

INTRODUCTION

The importance of conventional agriculture in
human food supply cannot be overstated. However,
the ever-increasing human population necessitates
sustainable modes of productivity. The population
of humans has taken the place of land; available for
food production. It places additional strain on
agricultural resources to meet the growing demand
for food. As a result, there is an urgent need to adopt
some novel technologies that can meet the food
demand of 7.6 billion people, which is expected to
reach approximately 10 billion by 2050. It is a
significant challenge to feed this growing
population. Pesticides, chemical fertilisers, or both

may be required (Kumar, et al., 2023).

Chemical Fertilizers: Impact and Concerns

Since the Green Revolution, chemical fertilizers have
been widely used to boost crop production. These
fertilizers are chemically synthesized substances
applied to the soil or directly to plants to supply
essential nutrients like nitrate, phosphate, ammonia,
and potassium salts. While they significantly
enhance crop yield and quality, their excessive use
poses severe environmental and health risks.

One major concern is the accumulation of heavy
metals such as mercury, cadmium, arsenic, lead,
copper, and nickel, which are introduced into the
soil through chemical fertilizers (Sonmez et al., 2007;
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Food and Agriculture Organization, 2009). Over
time, these toxic substances can enter the food chain,
leading to carcinogenic effects and genetic mutations
in future generations. Additionally, the excessive use
of chemical fertilizers contributes to pollution by
contaminating the air, water, and soil.

A commonly used chemical fertilizer, NPK
(containing nitrate, phosphate, and potassium),
presents specific challenges. Unabsorbed nitrates
can leach into groundwater and rivers, leading to
water contamination, while insoluble phosphates
accumulate in the soil, increasing salt concentrations
and causing soil hardening (Serpil Savci, 2012). As
awareness of these risks grows, there is an
increasing demand for sustainable alternatives like
nano-biofertilizers to minimize environmental
damage and ensure long-term agricultural
productivity.

Vermicompost: A Sustainable Soil Enhancer

Vermicompost is a nutrient-rich organic fertilizer
and soil conditioner produced through the
breakdown of organic plant matter and bovine feces
by earthworms, particularly red worms (Eisenia
foetida). This decomposition process, known as
vermicomposting, transforms organic waste into a
valuable soil amendment, enhancing its physical
and chemical properties (Tilman et al., 2002).

Rich in essential nutrients, vermicompost
improves soil quality by increasing porosity, water
retention, and aeration, making it an effective soil
conditioner (Weber et al., 2007). Additionally, it
positively influences soil biology by boosting
microbial biomass and enzyme activity, leading to
improved soil fertility and structure (Knapp et al.,
2010; Gracia-Gil et al., 2000; Ros et al., 2006). Through
these combined benefits, vermicompost supports
sustainable agriculture and healthier plant growth.

Biofertilizers: A Sustainable Approach to Soil and
Plant Health

Biofertilizers are eco-friendly substances containing
microbial inoculants that enhance plant growth
while promoting environmental sustainability
(Mahanty et al., 2016). These beneficial
microorganisms- include bacteria, fungi, algae, and
actinomycetes-play a vital role in fixing atmospheric
nitrogen or solubilizing essential soil nutrients,
making them more readily available to plants (R.K.
et al., 2014).

Some commonly used microbes in biofertilizer
production are nitrogen-fixing bacteria, phosphate-

solubilizing bacteria, Azospirillum, blue-green algae,
and vesicular-arbuscular mycorrhiza (Singh, 2020).
These microorganisms increase nutrient
concentrations around plant roots and break down
minerals to boost nutrient uptake and soil fertility.

Since plants require 17 essential nutrients to grow,
but conventional farming practices typically restore
only a few, continuous nutrient depletion reduces
soil productivity over time. Biofertilizers address
this issue by replenishing essential nutrients and
maintaining the soil’s nutrient balance, without
causing any harm to plant health or soil structure
(Sana Saif et al., 2021). As a sustainable and
environmentally safe option, biofertilizers are
crucial for promoting healthy crops and maintaining
long-term soil health.

Nano-Biofertilizer: A Sustainable Agricultural
Innovation

Chemical fertilizers have long been used to enhance
crop yields, but their overuse poses environmental
risks. As a sustainable alternative, nano-
biofertilizers combine beneficial microorganisms
with nanoparticles to improve nutrient efficiency,
soil fertility, and crop health (Hussain et al., 2025).

Unlike traditional biofertilizers, which suffer
from short shelf life and environmental sensitivity,
nano-biofertilizers offer enhanced stability,
controlled nutrient release, and increased microbial
activity, reducing application costs and
environmental impact (El-Ghamry et al., 2018). They
also strengthen plant resistance to diseases and
pests, improving productivity and crop quality
(Hrytsaenko, 2012).

Research on tomato crops affected by Ralstonia
solanacearum has demonstrated nano-biofertilizers’
ability to boost plant health (Dennis et al., 2016).
Their slow-release properties, reduced nutrient loss,
and enhanced photosynthesis make them a
promising tool for sustainable agriculture. By
ensuring long-term soil fertility and higher crop
yields, nano-biofertilizers pave the way for an eco-
friendly and efficient farming future.

MATERIALS AND METHODS

Soil Sample Collection

Soil samples were obtained from an agricultural
field in Anand, where they were used for plant
cultivation throughout the research period.
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Seed Collection

Seeds of Trigonella foenum-graecum L. were acquired
from Gandhi Agro Seeds Private Limited, Anand.

Collection of Commercial Fertilizers for
Comparative Study

Commercial fertilizers, including chemical
fertilizers, vermicompost, and biofertilizers, were
collected from agro shops in Anand. Chemical
fertilizers were sourced from Gandhi Agro Seeds
Private Limited, whereas vermicompost and
biofertilizers were obtained from Ghanshyam Beej
Bhandar, Anand.

Synthesis of Silver Nanoparticles (AgNPs)

Silver nanoparticles were synthesized chemically
using a 1 mM silver nitrate solution and a 0.6 M
sodium hydroxide solution in a 20:1 ratio. These
solutions were placed in separate flasks and
incubated in a shaker incubator at 37 °C with a
rotation speed of 180 rpm for 24 hours.

After incubation, the appearance of brownish
precipitates confirmed the formation of AgNPs. The
nanoparticles were then isolated through
centrifugation. The resulting pellets were transferred
to a petri plate and dried in an oven at 60 °C for 1
hour. Finally, the dried AgNP powder was collected
for further analysis.

Soil Analysis

The pH and nitrate content (%) of the soil were
analyzed in the laboratory.

pH Measurement

The soil pH was determined using a pH meter. The
sample was prepared by mixing equal amounts of
soil and sterile distilled water in a 1:1 ratio.

Nitrate Estimation

The nitrate content in the soil was measured using
the Kjeldahl method, both before and after plant
growth.
  Digestion Process

o A 2 g soil sample was combined with 2 g of
Kjeldahl catalyst and 20 ml of 98% sulfuric acid
in a digestion flask.

o The mixture was heated at 100°C until fumes
appeared, with the colour transitioning from
dark brown to maroon and finally to yellow.

o The digested solution was transferred to a 100
ml volumetric flask and diluted to 100 ml
using distilled water.

  Distillation Process
o The digestion flask contained 10 ml of the

digested sample, 50 ml of 40% NaOH, and 50
ml of distilled water.

o The solution was heated at 100 °C until 100 ml
of distillate was collected in a flask containing
30 ml of boric acid.

  Titration
o The distillate was titrated with 0.1N HCl using

a mixed indicator (Methyl Red + Bromocresol
Blue).

o A color change from colorless to pink indicated
the endpoint.

The nitrogen content in the soil was calculated
using the following formula:

This method effectively quantified the nitrogen
content in the soil, providing essential insights into
soil fertility.

Pot Experiment

A pot experiment was conducted to assess the
impact of various commercially available fertilizers,
isolated nitrogen-fixing bacterial strain (Azomonas
agilis), and silver nanoparticles (AgNPs) on the
growth of Trigonella foenum-graecum L.

For the fertilizer treatments, chemical fertilizers,
vermicompost, and biofertilizers were applied to
virgin soil. Additionally, nitrogen-fixing bacterial
strain (Azomonas agilis) was introduced into separate
soil samples. Virgin soil without any amendments
served as the control.

Table 1. Fertilizer Treatments for Both Plants

Fertilizer Weight/Volume Soil (g)

Control – 500
Chemical Fertilizer 100 mg 500
Vermicompost 50 g 500
Bio-fertilizer 20 ml 500
Azomonas agilis 20 ml 500

Seed Pretreatment

Seeds were pretreated with silver nanoparticles
(AgNPs) and a combination of AgNPs with the
culture of Azomonas agilis.
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 AgNP Treatment: Seeds were exposed to
varying concentrations of AgNPs (0.1, 0.5, and
1.0 mg) and sown in virgin soil after 24 hours.

 AgNP and Bacterial Combination Treatment:
Seeds were treated with the Azomans agilis
culture along with different concentrations of
AgNPs (0.1, 0.5, and 1.0 mg) and then sown in
virgin soil after 24 hours.

Tap water was used for irrigation, and the pot
experiment was conducted over a period of 30 days
following seed sowing.

Morphological Analysis of Plants

Thirty days after planting, a morphological
assessment was carried out.

The parameters measured included:
  Root Length
  Shoot Length
  Number of Leaves
Root and shoot lengths were manually measured

using a thread and scale, while the number of leaves
was recorded by direct counting.

Chemical Synthesis of AgNPs

After 24 hours of incubation at 37 °C with
continuous shaking at 180 rpm, a noticeable colour
change occurred, indicating the formation of silver
nanoparticles (AgNPs). The solution transitioned
from brown to colorless.

The presence of AgNPs was confirmed using
various characterization techniques.

RESULTS

Characterization of Silver Nanoparticles

UV-Visible Spectrophotometer

UV-Visible spectroscopy is a highly effective
technique for the characterization of synthesized
nanoparticles (NPs). To confirm the presence of

silver nanoparticles (AgNPs) in the sample, the
chemically synthesized NPs were analyzed, and
their absorption spectra were recorded.

The formation of AgNPs was indicated by the
absorbance spectrum, displaying a prominent broad
peak in the UV-Visible absorption spectrum at
approximately 230 nm. This characteristic peak
corresponds to AgNPs synthesized through the
alkaline reduction method.

Determination of Minimum Inhibitory
Concentration (MIC)

The minimum inhibitory concentration (MIC) of
AgNPs against nitrogen-fixing bacterial isolate was
determined using the tube dilution method.

Soil Analysis

The soil analysis indicated that the soil contains
essential elements necessary for plant growth.

Table 2. Physico-Chemical Properties of Control Soil

Parameter Result

pH 6.4
Available Nitrate (%) 0.007

Table 3. Available Nitrate Content (%) in Soil After Plant
Growth

Treatment Nitrate Concentration (%)

Azomonas agilis 0.070
0.1 mg AgNP 0.014
0.5 mg AgNP 0.028
1.0 mg AgNP 0.020

The analysis confirms that the soil contains vital
nutrients required for plant growth, with varying
nitrate concentrations observed after plant growth
under different treatment conditions.

Morphological Characteristics

Thirty days after germination, root length, shoot

Fig. 1. UV-Visible Spectra of Silver Nano-particles
Fig. 2. After 30 days of germination of Trigonella foenum

graecum L.
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length, and the number of leaves were recorded. The
A1(Azomonas agilis) isolate exhibited the highest
values for all these parameters in Trigonella foenum-
graecum L.

Statistical Analysis of Morphological
Characteristics in Trigonella foenum-graecum L.

ANOVA Results
Root Length: F = 30.70, p = 0.0000
Shoot Length: F = 57.52, p = 0.0000

Fig. 3. Effects of fertilizers on root length, shoot length and number of leaves of Trigonella foenum graecum L

Table 4. Morphological characteristics of Trigonella foenum graecum L.

Treatment RootLength (cm) Shoot Length (cm) Number of Leaves

A1(NF1) 4.35 ± 0.17 11.35 ± 0.45 16.67 ± 0.33
Bio-fertilizer 5.17 ± 0.13 10.56 ± 0.27 18.00 ± 0.58
Chemical fertilizer 3.60 ± 0.03 6.39 ± 0.23 3.00 ± 0.58
Control 3.63 ± 0.08 6.05 ± 0.30 2.33 ± 0.33
Vermicompost 4.32 ± 0.12 6.96 ± 0.35 3.67 ± 0.88

Number of Leaves: F = 186.23, p = 0.0000

Seed Pretreatment

Following seed pretreatment, germination occurred
after 1 day in Trigonella foenum-graecum L.

After 14 days of germination, a morphological
study was conducted to measure root length, shoot
length, and the number of leaves.

Statistical Analysis of AgNPs Pre-treatment on
Trigonella foenum-graecum L.

ANOVA Results
Root Length: F = 316.73, p = 0.0000
Shoot Length: F = 26.64, p = 0.0010
Number of Leaves: F = 0.18, p = 0.8382

Statistical Analysis of AgNPs Pre-treatment on
Trigonella foenum-graecum L.

ANOVA Results
Root Length: F = 316.73, p = 0.0000

Fig. 4. 14 days after germination -Trigonella foenum
graecum L.

Table 5. Morphological characteristics of Trigonella foenum graecum L. after seed pre-treatment

Concentration Root Length (cm) Shoot Length (cm) Number of Leaves

0.1 mg 6.23 ± 0.28 7.93 ± 0.21 5.67 ± 0.88
0.5 mg 10.83 ± 0.08 10.12 ± 0.23 5.00 ± 1.15
1.0 mg 12.21 ± 0.10 9.11 ± 0.19 5.00 ± 0.58
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Shoot Length: F = 26.64, p = 0.0010
Number of Leaves: F = 0.18, p = 0.8382

DISCUSSION

The present study aimed to investigate the impact of
different fertilizer formulations on plant growth and
soil nutrient content, focusing on chemical
fertilizers, vermicompost, biofertilizers, nitrogen-
fixing bacteria, and seed pretreatment with silver
nanoparticles (AgNPs). The results demonstrate that
the type of fertilizer and treatment significantly
influenced plant morphological characteristics,
including root length, shoot length, and the number
of leaves, as well as soil nutrient profiles.The present
study investigated the effects of various fertilizers
and silver nanoparticle (AgNP) seed treatments on
the morphological traits of Trigonella foenum-graecum
L., focusing on root length, shoot length, and
number of leaves.

Effect of Different Fertilizers

The comparative analysis of fertilizer treatments
revealed significant differences in plant growth
parameters. Bio-fertilizer and the combined
formulation A1(NF1) exhibited the most notable
improvements in morphological characteristics
compared to control and chemical fertilizer
treatments. Specifically, bio-fertilizer resulted in an
average root length of 5.3 cm, shoot length of 10.3
cm, and 18 leaves per plant, while A1(NF1) showed
even higher values, particularly in shoot length (11.0
cm) and leaf number (18).

These findings support the beneficial impact of
organic and bio-fertilizers in enhancing plant
growth. Bio-fertilizers may contribute to improved
nutrient availability, root colonization by beneficial

microbes, and enhanced nitrogen fixation, which
collectively promote vegetative growth. In contrast,
the comparatively lower performance of chemical
fertilizers suggests potential limitations in long-term
soil health or nutrient absorption efficiency.

Effect of AgNP Seed Treatments

AgNP seed treatments also influenced
morphological traits, though the effects varied with
concentration. The highest root length (12.2 ± 0.2
cm) was observed at 1.0 mg AgNPs, indicating a
positive correlation between concentration and root
development. However, shoot length peaked at 0.5
mg (10.1 ± 0.3 cm) and slightly declined at 1.0 mg
(9.1 ± 0.3 cm), suggesting an optimal concentration
threshold for promoting shoot elongation. Similarly,
the number of leaves remained relatively stable
across treatments, indicating a lesser sensitivity to
AgNP concentration.

ANOVA results confirmed that the observed
differences in root and shoot lengths were
statistically significant (p < 0.05), underscoring the
physiological influence of nanoparticle pre-
treatment on early growth. The stimulatory effect of
AgNPs at lower concentrations may be attributed to
enhanced seed germination, water uptake, and
cellular division.

Chemical Fertilizer

Chemical fertilizers have long been used to enhance
crop productivity by providing readily available
nutrients, primarily nitrogen, phosphorus, and
potassium (NPK). In the present study, chemical
fertilizer treatments showed rapid plant growth and
higher initial nutrient availability. However,
prolonged use of chemical fertilizers can lead to soil
acidification, nutrient leaching, and environmental

Fig. 5. Morphological characteristics after seed pre-treatment of Trigonella foenum graecum L.
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contamination (Savci, 2012). Similar findings have
been reported by Sonmez et al. (2007) and FAO
(2009), highlighting that excessive chemical fertilizer
application may result in heavy metal accumulation
and decreased soil fertility. Despite their
effectiveness in promoting growth, the long-term
adverse effects on soil health make it essential to
consider sustainable alternatives.

Vermicompost

Vermicompost is an organic amendment that
significantly enhances soil structure, microbial
activity, and nutrient availability. The application of
vermicompost in this study resulted in increased
root and shoot length and a higher number of leaves
compared to control plants. This can be attributed to
the high content of essential nutrients and beneficial
microorganisms present in vermicompost, as noted
by Weber et al. (2007). Studies have shown that
vermicomposting improves soil aeration and
moisture retention, fostering a conducive
environment for plant growth (Gracia-Gil et al., 2000;
Ros et al., 2006). Vermicompost has also been linked
to improved nutrient cycling and enhanced
microbial biomass (Knapp et al., 2010). Therefore,
vermicompost is an effective and eco-friendly
alternative to chemical fertilizers.

Biofertilizer

Biofertilizers contain living microorganisms that
enhance nutrient availability by nitrogen fixation,
phosphate solubilization, and the synthesis of
growth-promoting substances (Mahanty et al., 2012;
Zayed et al., 2016). In this study, the biofertilizer
treatment demonstrated improved plant growth and
soil nutrient content compared to the control. The
presence of nitrogen-fixing bacteria, significantly
contributed to the nitrogen content in the soil.
Moreover, biofertilizers have proven beneficial in
maintaining soil health without causing
environmental harm (Sana Saif et al., 2021).

Nitrogen-Fixing Bacteria

The inclusion of nitrogen-fixing bacterial strain
(NF1) significantly enhanced plant growth
parameters compared to untreated control. The NF1
isolate, identified as Azomonas agilis through 16S
rRNA sequencing, demonstrated superior
performance in terms of root and shoot length and
leaf number. Previous studies have highlighted the
potential of Azomonas agilis in promoting nitrogen
fixation and improving soil fertility (Son et al., 2006).

The ability of nitrogen-fixing bacteria to convert
atmospheric nitrogen into plant-usable forms plays
a critical role in sustaining soil productivity.

Seed Pretreatment with Silver Nanoparticles
(AgNPs)

Seed pre-treatment with AgNPs showed promising
results, as treated seeds exhibited faster germination
and increased growth parameters compared to
untreated seeds. The positive impact of AgNPs can
be attributed to their antimicrobial properties and
their ability to enhance seed vigor and stress
tolerance (El-Ghamry et al., 2018). Furthermore,
seeds treated with a combination of AgNPs and
nitrogen-fixing bacteria demonstrated synergistic
effects, resulting in improved root and shoot
development. However, it is crucial to optimize
AgNP concentrations to prevent potential
phytotoxicity.

CONCLUSION

The study concludes that integrating biofertilizers,
vermicompost, nitrogen-fixing bacteria, and AgNP
seed pretreatment offers a sustainable approach to
enhancing plant growth and soil fertility while
minimizing the adverse effects associated with
chemical fertilizers. Adopting such eco-friendly
practices can ensure sustainable agricultural
productivity while maintaining soil health and
environmental quality.
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