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Abstract

Trigonella, commonly known as Fenugreek, is among the most promising medicinal herbs

consumed worldwide due its protein rich dietary contributions. This study involved induced

mutagenesis on two Trigonella species (Trigonella foenum-graecum var. PEB and Trigo-

nella corniculata var. Pusa kasuri) using caffeine and sodium azide as mutagens, resulting

in the identification of nine high-yielding mutant lines in the M3 generation. Molecular charac-

terization using SCoT markers revealed a high polymorphism of 28.3% and 46.7% in PEB

and Pusa kasuri, respectively, facilitating the investigation of genetic divergence among the

control and mutant lines. Similarity correlation analysis indicated a high similarity between

mutant A and mutant C (0.97) and between mutant J and mutant O (0.88), while the lowest

similarity was observed between mutant B and mutant F (0.74) and between control and

mutant L (0.58). Mutant F and Mutant J displayed the highest seed yield and its attributing

traits, and seed protein content in PEB and Pusa kasuri, respectively. Physiological parame-

ters, including chlorophyll content (Mutants A and N) and carotenoids (mutant A and J),

exhibited improvements. Assessment of stomatal and seed characteristics using scanning

electron microscopy may lead to improved physiological processes and distinction at the

interspecific level, respectively. Methanolic extracts of the control and the mutant lines of

both species were subjected to GC-MS analysis, revealing 24 major phytocompounds

known for their pharmacological activities (antioxidant, anti-inflammatory, anticancer, etc.).

Statistical methods such as Pearson correlation heatmap and pairwise scatter plot matrix

provided insights into the correlations and linear associations among parameters for both

PEB and Pusa kasuri. The strong correlation between iron content and seeds per pod in the

mutant lines suggests a promising avenue for further research. Continued research and

breeding efforts using these mutants can lead to significant advancements in agriculture

and medicine, benefiting farmers, consumers, and industries alike.
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Introduction

The world’s population is projected to increase from 7.2 billion to 9.6 billion by 2050, with fur-

ther growth expected to reach 10.9 billion by the year 2100. This rapid increase raises concerns

about the balance between food supply and demand [1]. In response to this challenge, the

Food and Agriculture Organization (FAO) of the United Nations acknowledges the necessity

of providing adequate and affordable food through sustainable agricultural practices, as out-

lined in their report "The Future of Food and Agriculture: Trends and Challenges" [2]. The

adoption of superior smart farming techniques has gained traction due to the need to address

environmental challenges and climate change impacts while ensuring the production of high-

quality, nutritious food [3]. Among the various food crops, leguminous plants rank as the sec-

ond most significant crop, contributing 27% to global primary food production. These plants

are crucial due to their ability to fix atmospheric nitrogen, serving as a valuable protein source

and playing a pivotal role in agriculture [4].

Nevertheless, modern factors including lifestyle choices, dietary habits, stress, environmen-

tal influences, and the extensive utilization of synthetic chemicals in food processing and agri-

culture have worsened the occurrence of numerous human diseases. Documentation of

natural remedies obtained from plants spans several millennia. Integrating medicinal herbs

into diets is a well-known strategy for preventing a range of diet-related illnesses like diabetes,

cancer, inflammation, and cardiovascular diseases [5].

Fenugreek, an ancient herb, has been utilized in Central Asia since 4000 BC [6]. This annual

leguminous herb, predominantly cultivated in India and accounting for 80% of global produc-

tion. Additionally, fenugreek serves multiple purposes, its leaves are utilized as a vegetable,

dried leaves as an herb, and seeds as a spice. The root, seed, and stalk of fenugreek contain sig-

nificant metabolites such as trigonelline, diosgenin, neotycogenin, and yamogenin, which are

highly valued in the steroid industries [7]. Fenugreek seeds consist of about 58% carbohy-

drates, 23–26% proteins, 0.9% lipids, and 25% fiber, whereas the leaves contain approximately

6% carbohydrates, 4.4% proteins, and 1.1% fiber [8]. Both fenugreek leaves and seeds are

widely utilized to prepare extracts and powders for traditional use in therapeutic applications

treating various health ailments such as eczema, burns, gout, diarrhoea, abdominal distension,

and stomach discomfort, among others. They are rich in essential minerals and vitamins such

as calcium, potassium, iron, magnesium, phosphorus, β carotene, copper, zinc, and vitamin C

[9]. Fenugreek seeds also contain flavonoids, volatile and fixed oils, with high levels of linoleic

acid, linolenic acid, and oleic acid in the oils. Therefore, substantial pharmacological and clini-

cal evidence has emphasized the medicinal uses of fenugreek seeds, including their potential

for anti-diabetic, hypolipidemic, anti-obesity, anticancer, anti-inflammatory, antioxidant, anti-

fungal, antibacterial activities, and more. These benefits are attributed to its bioactive compo-

nents. The extraction and categorization of these bioactive compounds have resulted in the

development of specialized medicines with potent activity profiles [10]. Gas chromatography-

mass spectrometry (GC-MS) has recently been adopted to identify various bioactive constitu-

ents within medicinal plants [11]. Recently, scanning electron microscopy (SEM) has become

an invaluable implement in various biological research fields, offering high-resolution imaging

to study ultrastructure features not possible with Light Microscopy [12].

Assessing the genetic diversity of germplasm is crucial for identifying genotypes with higher

diversity and better performance in specific conditions. The absence of comprehensive data

regarding genetic diversity, inter- and intra-specific variability, and genetic relationships

among Trigonella species hampers large-scale production and the development of enhanced

varieties. Gene characterization and evaluation of genetic variation offer valuable insights to

plant breeders, these findings present opportunities to develop superior varieties featuring
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traits preferred by breeders. However, various methods exist for evaluating genetic diversity,

with molecular markers being preferred due to their advantages over other techniques. DNA

markers are detectable in all plant tissues, irrespective of the growth stage or developmental

status of the plants. Molecular markers offer valuable insights into genetic diversity and rela-

tionships among various crop species, particularly in the realm of crop breeding. Start Codon

Targeted (SCoT) polymorphisms serve as reproducible markers derived from the short-con-

served region surrounding the ATG translation start codon in plant genes. SCoT markers

offer an efficiency advantage over arbitrary markers because of their longer primer distances

and high annealing temperatures [13, 14]. SCoT markers have been used in various plant spe-

cies, including Trigonella, wheat, grape, and sugarcane, for tasks like evaluating genetic poly-

morphism, identifying cultivars, mapping QTLs, and performing DNA fingerprinting [15–

18]. Several studies have demonstrated the ability of SCoT markers to distinguish genotypes

associated with specific traits such as disease resistance and abiotic stress tolerance [19, 20].

Furthermore, SCoT markers exhibit higher stability, repeatability, and reliability in contrast to

RAPD, ISSR, and AFLP markers, making them well-suited for genetic mapping across various

plants and for marker-assisted selection programs [21].

The absence of characterization and assessment research may restrict the selection,

improvement, and expansion of cultivation. As a result, the current study bears particular

importance in the continuous endeavors to expedite fenugreek enhancement and establish

core collections capable of efficiently supporting traditional breeding initiatives.

Therefore, the work aimed to

i. study the yield attributing traits, physiological parameters, seed protein and mineral con-

tents in the induced high yielding M3 mutants of both the varieties (PEB and Pusa kasuri).

ii. identify the bioactive compounds in the methanolic extracts of the high yielding mutant

seeds through gas chromatography-mass spectrometry (GC-MS).

iii. study the variations in the stomatal morphology and seed micromorphology in high yield-

ing mutants.

iv. study the genetic variability between the induced mutants by utilizing SCoT markers.

Materials and methods

Plant material

Certified and healthy seeds of Trigonella foenum-graecum (var. PEB) and Trigonella cornicu-
lata (var. Pusa kasuri) were acquired from the Indian Agricultural Research Institute (IARI),

New Delhi, India. The description of both species is illustrated in Supplementary file (S1

Table in S1 File).

Mutagen doses, mutagen treatments and selection of mutants

In the present experiment, Trigonella seeds were treated with caffeine and sodium azide (man-

ufactured by Sigma Aldrich, Mumbai, India) to induce mutagenesis. Initially, the seeds were

soaked in double distilled water (DDW) for 24 hours, followed by exposure to varying doses of

caffeine and sodium azide (0.2%, 0.4%, 0.6%, 0.8%, and 1.0%) at room temperature for 9

hours. Treated and untreated seeds were sown in 5 replications (30 seeds each) in an earthen

pots during the rabi season (mid-October 2019) to raise the M1 generation. Regular watering

and weeding were carried out during the cultivation process.
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M2 generation

The seeds harvested from M1 plants were collected separately from both the treated and

untreated populations. Five healthy randomly selected seeds were sown, for inducing M2 gen-

eration during mid-October 2021. During the M2 generation, treated plants underwent

screening, resulting in the identification of 30 mutant lines with high yields. These lines were

selected based on stable traits such as plant height (cm), branches per plant, pods per plant,

seeds per pod, seed weight (g), and overall plant seed yield (g). These selected mutant lines

were then carried forward for further study in the M3 generation.

M3 generation

All seeds from the M2 generation were harvested individually, and 20 healthy seeds from high-

yielding mutant lines were planted to initiate the M3 generation in mid-October 2022. Nine

high-yielding mutants (5 from Trigonella foenum graecum denoted as Mutant A, Mutant B,

Mutant C, Mutant F, Mutant G and 4 from Trigonella corniculata denoted as Mutant J, Mutant

L, Mutant N, Mutant O) were screened based on plant seed yield (Table 1). The controls (C1

and C2) and these mutants underwent evaluations, including yield and physiological parame-

ters, seed mineral contents, Scanning Electron Microscopy, GC-MS analysis, and molecular

characterization to develop their relative profiles.

Yield parameters

The mutant lines were evaluated for various yield parameters, including plant height (cm),

number of branches per plant, number of pods per plant, number of seeds per pod, and yield

per plant (g).

Chlorophyll and carotenoid content

The pigment content of leaves was determined using the [22] method. Fresh leaves (1g) were

ground to a fine pulp in 20 ml of 80% acetone using a mortar and pestle. Following homogeni-

zation, the mixture underwent centrifugation at 5000 rpm for 10 minutes, and the resulting

supernatant was transferred into a 100 ml volumetric flask. The volume was calibrated by the

addition of 80% acetone. Absorption measurements for chlorophyll were recorded at wave-

lengths of 645 and 663 nm, whereas for carotenoids, readings were taken at 480 and 510 nm

Table 1. High yielding M3 mutant lines isolated from the mutagenic treatments in Trigonella foenum graecum (PEB) and Trigonella corniculata (Pusa kasuri).

S.No. Mutant codes Species Mutagen used Concentrations Characters

Trigonella foenum-graecum (PEB)

1 C1 PEB - - Normal height with average yield

2 A PEB Caffeine 0.2% Tall mutant with increased yield

3 B PEB Caffeine 0.4% Semi dwarf mutant with moderately increased yield

4 C PEB Caffeine 0.6% Tall mutant with high yield

5 F PEB SA 0.2% Tall mutant with high yield

6 G PEB SA 0.4% Semi dwarf mutant with increased yield

Trigonella corniculata (Pusa kasuri)

7 C2 Pusa kasuri - - Normal height with average yield

8 J Pusa kasuri Caffeine 0.2% Tall mutant with increased yield

9 L Pusa kasuri Caffeine 0.6% Normal height mutant with moderately increased yield

10 N Pusa kasuri SA 0.2% Tall mutant with high yield

11 O Pusa kasuri SA 0.4% Semi dwarf mutant with increased yield

https://doi.org/10.1371/journal.pone.0305691.t001
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using a spectrophotometer. Pigment content was determined using the equation specified in

reference [23].

Total chlorophyll content ðg� 1 fresh leavesÞ ¼ ½20:2 ðOD645Þ þ 8:02 ðOD663Þ�V=ð1000� wÞ ð1Þ

Carotenoid content ðg� 1 fresh leavesÞ ¼ ½7:6 ðOD480Þ � 1:49 ðOD510Þ�V=ð1000� w� dÞ ð2Þ

Wherever,

V, the volume of an extract; W, the mass of leaf tissues; d, the length of light path (1.4cm).

Proline content

To assess the proline content of leaves, the [24] method was used. 0.5 grams of fresh leaves

were homogenized in 10 milliliters of a 3% aqueous solution of sulphosalicylic acid. The

homogenized mixture was subsequently collected and centrifuged at 6000 rotations per minute

(rpm) for 15 minutes. A 2 mL portion was withdrawn and combined with 2 mL of glacial ace-

tic acid and ninhydrin. The mixture was then heated in a water bath for 1 hour. The reaction

was halted by transferring the test tube into an ice bath and extracting it with 4 mL of toluene,

followed by stirring for 20–30 seconds. The chromatophore in toluene was extracted, and the

intensity of the red color was assessed at 520 nm. The total proline content was determined

using a standard curve prepared with standard proline.

mMoles per g tissue ¼ mg proline= ml�ml toluene= 115:5� 5=g sample ð3Þ

Assessment of protein and mineral element in the seeds

The protein content of the seeds in the mutants was determined using the "Lowry Assay: pro-

tein by Folin reagent" [25]. The determination of mineral elements in the seeds (Iron—Fe and

Copper—Cu) was conducted via an atomic absorption spectrophotometer (AAS) following

Gupta’s method [26]. Ground seed samples (0.5g) from both mutants and control groups were

weighed and transferred into a 50 ml digestion tube. About 5 ml of an acid mixture (1 sulphu-

ric acid, 4 perchloric acid, and 10 nitric acid) were added into each sample via Pyrex funnel,

and the tube was placed into the block digestor. Initially, the samples were heated at 60˚C for

15 minutes until the reaction ceased, as confirmed by the eruption of fumes. The samples were

subsequently heated to 120˚C until they became colorless. Afterwards, the tubes were removed

from the digestor and allowed to cool. The blank was also prepared without a seed sample of

only an acid mixture solution. The digested samples and blanks were diluted with 50 ml of

double distilled water (DDW), and mineral elements (Fe, Zn, and Cu) were analyzed using

Atomic Absorption Spectroscopy (AAS) with standard solutions for calibration. The wave-

lengths of the lamp were maintained at 372.0 nm for Fe, 307.6 nm for Zn, and 327.4 nm for Cu

during the evaluation process. The total mineral contents were directly estimated using

AVANTA 2.0 software preinstalled in the AAS computer equipment.

Examination of stomatal behavior in leaves and the micromorphology of

seeds using scanning electron microscopy (SEM)

Scanning electron microscopy was utilized to examine both stomatal aperture and seed micro-

morphology. The same protocol was executed as outlined by [27]. This analysis was accom-

plished with a SEM(JEOL), JSM-6510LV, JAPAN microscope at 15kV at various

magnifications. The size of the stomata was measured in μm. The SEM micrographs were

acquired at the USIF, Aligarh Muslim University, Aligarh.
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Preparation of methanolic extract

In the study, 5g of seeds from both the control and mutants were powdered using a mortar

and pestle. The powdered seeds were then soaked in 10 ml of methanol for 24 hours. Following

this, the methanolic seed extract underwent centrifugation at 10,000 rpm for 15 minutes. The

resulting pellet was then discarded, and the supernatant was filtered through Whatman filter

paper No.1. Subsequently, the filtered extract was collected and preserved in vials for further

analysis.

GC-MS analysis of methanolic extract

The GC-MS analysis of the methanolic extract was conducted using a GC-MS-TQ8050 NX

instrument (Shimadzu Corporation, Kyoto, Japan) at the Central Instrumentation Laboratory

of the Central University of Punjab, Bathinda, India. The split injector was adjusted to 250˚C

with a split ratio of 5. Subsequently, the oven temperature was raised gradually from 0 to 40˚C,

followed by an increase to 220˚C withhold times of three and five minutes, respectively. Fol-

lowing this, the temperature was elevated to 250˚C and maintained for 5 minutes. Helium was

employed as the carrier gas with a steady flow rate of 1 mL min-1. The ion source temperature

was adjusted to 230˚C, while the interface temperature was set at 250˚C. The mass scan range

encompassed 40–800 amu. The column flow rate was held constant at 1.00 mL min-1, with the

column oven temperature set to 40˚C. The sample loading and injection volume were both

1 μL. The analysis of bioactive compounds in the methanolic extract was conducted using the

NIST17R library and NIST17M2 library, based on their m/z ratio and retention time.

SCoT (Start Codon Targeted) marker analysis

SCoT marker analysis was carried out to investigate the genetic variations of the isolated

mutants of Trigonella foenum-graecum and Trigonella corniculata. Genomic DNA extractions

were performed on lyophilized leaves using a modified CTAB (Cetyltrimethylammonium bro-

mide) based protocol [28].

Agarose gel electrophoresis. The appropriate amount of agarose was added to TBE buffer

to prepare a 0.8% solution. The agarose was fully dissolved in the buffer by heating the mixture

to 80–85˚C in a microwave oven and then cooled to 50˚C.

DNA Quantification. The qualitative and quantitative evaluation of total genomic DNA

was conducted by subjecting the DNA samples to electrophoresis on 0.8% agarose gels [29].

SCoT marker amplification. The PCR reaction mixture of 10μl contained all the compo-

nents required for PCR analysis. The standard PCR mixture for SCoT marker analysis com-

prised 50 ng of genomic DNA in 1x reaction buffer, 1.5 mM MgCl2, 10 pmol primer, and 1

unit of Taq DNA polymerase (BioTools) in a reaction volume of 10 μl. All PCR reactions were

conducted using a Gene Amp PCR 9700 Thermal Cycler. The PCR was carried out in a ther-

mocycler, with a total of 35 cycles for SCoT marker analysis. The SCoT markers profiles of

samples were visualized on 1.5% agarose gel.

Data analysis. The amplified fragments (bands) produced were manually scored for their

presence (indicated as ’1’) or absence (indicated as ’0’). The genetic similarity (GS) values

between pairs of samples were calculated based on Jaccard’s similarity coefficient. The similar-

ity matrix was employed to create a phenetic dendrogram using the UPGMA (Unweighted

Pair Group Method of Arithmetic Averages) algorithm, as proposed by Sneath & Sokal [30], to

group the samples into clusters based on their similarities. The statistical analysis was per-

formed using NTSYSpc 2.21 software.
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Statistical analysis

The experiments were conducted with five replicates for each treatment, and data were pre-

sented as the mean ± standard error. Statistical analysis was conducted using R software,

employing one-way ANOVA to ascertain the least significant difference (LSD) between

treatments at significance levels of p< 0.05 (5%) and p< 0.01 (1%). Additionally, Pearson

correlation heatmap and pairwise scatter plot matrix with linear regression lines were cre-

ated using Python version 3.11.3 to explore relationships and associations between variables

in the data.

Results

Yield parameters, physiological parameters, and proline content of high

yielding mutant lines

Table 2 presented data on various yield parameters and physiological characteristics of high-

yielding mutant lines alongside their corresponding controls in two plant species, Trigonella
foenum-graecum and Trigonella corniculata. In T. foenum-graecum, mutant F exhibited the

highest seed yield (3.96g), fertile branches (7.00), pods per plant (37.00), and seeds per pod

(9.52) under 0.2% SA treatment. In T. corniculata, mutant J had the highest seed yield (8.32g),

fertile branches (8.00), clusters per plant (37.00), and pods per cluster (40.00) under 0.2% caf-

feine treatment. Overall, several mutants (A, B, C, F, G, J, L, N, and O) of both species showed

increased yield parameters compared to their controls.

The physiological parameters of the high-yielding mutants also showed improvements.

Mutants A and N of PEB and Pusa kasuri, respectively, exhibited significant increases in chlo-

rophyll content (3.21 mg g-1 and 3.06 mg g-1, respectively) related to the controls (Table 2).

Similarly, mutant A of PEB and mutant J of Pusa kasuri had the highest carotenoid content

(1.09 mg g-1 and 0.93 mg g-1, respectively). Proline content significantly increased in mutant C

and mutant L (34.27 μg g-1 and 30.95 μg g-1, respectively).

In summary, the study demonstrated that specific mutants showed enhanced yield parame-

ters and physiological characteristics, indicating their potential for improved crop

performance.

Table 2. Mean values of yield attributing traits, physiological parameters, proline, protein and mineral content of M3 high yielding mutant lines.

Codes Plant

height

(cm)

Fertile

branches/

plant

Clusters/

plant

Pods/plant

(or cluster)

Seeds/

pod

Yield/

plant (g)

Total

chlorophyll (mg

g-1)

Carotenoids

(mg g-1)

Proline

(μg g-1)

Protein

(%)

Iron

(mg g-

1)

Copper

(mg g-1)

Trigonella foenum-graecum (PEB)

C1 82.22 3.00 - 17.00 8.00 1.45 2.69 0.43 24.38 19.20 4.15 3.29

A 93.53 6.00 - 35.00 8.42 3.62 3.21 1.09 25.90 24.25 5.23 3.55

B 62.51 4.00 - 24.00 8.53 1.85 3.12 0.98 30.15 20.54 5.20 2.10

C 89.52 6.00 - 34.00 8.46 3.12 2.94 0.65 34.27 23.15 4.55 1.95

F 92.25 7.00 - 37.00 9.52 3.96 3.09 1.05 26.05 26.47 6.37 2.67

G 73.45 5.00 - 42.00 8.53 2.92 3.02 0.95 31.53 21.62 5.18 2.62

Trigonella corniculata (Pusa kasuri)

C2 79.25 4.00 27.00 21.00 7.00 6.50 2.23 0.41 25.33 18.12 3.94 2.93

J 88.13 8.00 37.00 40.00 7.88 8.32 2.94 0.93 26.00 20.25 4.05 2.99

L 75.37 5.00 29.00 29.00 7.33 7.27 2.25 0.52 30.95 19.88 3.93 2.73

N 87.55 7.00 36.00 34.00 8.45 8.15 3.06 0.85 25.88 19.32 4.26 3.10

O 53.65 8.00 36.00 31.00 8.12 8.02 2.54 0.76 27.10 17.56 4.10 3.02

https://doi.org/10.1371/journal.pone.0305691.t002
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Protein and mineral element content in seeds of high-yielding mutant lines

In the M3 high-yielding mutant lines of PEB and Pusa kasuri, mutants A and F showed the best

elevation in seed protein content. Mutants J and L also exhibited significant enhancements in

protein content. Minor protein content improvements were observed in mutants B, C, G, N,

and O compared to their respective controls. Mutant F of PEB had the highest protein content

(26.47%) compared to its control (19.20%), and mutant J of Pusa kasuri showed the maximum

increase (20.25%) compared to the control (18.12%). Regarding seed mineral elements, mutants

F and N had the highest Fe content (6.37 mg g-1 and 4.26 mg g-1, respectively), while mutants A

and N had the highest Cu content (3.55 mg g-1 and 3.10 mg g-1, respectively). Thus, specific

high-yielding mutants exhibited notable improvements in protein content and mineral element

contents in the seed, indicating their potential for crop improvement (Table 2).

Examination of stomatal behavior of leaves and seed micromorphology of

high-yielding mutant lines

Scanning electron microscopy of high-yielding mutant lines’ stomatal behavior and seed

micromorphology was carried out, and the results were presented in Figs 1–5. In PEB, mutant

Fig 1. Number of stomata per microscopic field, length and width of stomatal pore and seed length and width of Trigonella foenum-
graecum (A, B) and Trigonella corniculata (C, D). Bars are represented as mean ± SE. Values with (*) and (**) asterisk differ significantly

at p< 0.05 and p< 0.01, respectively.

https://doi.org/10.1371/journal.pone.0305691.g001
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C exhibited the maximum number of stomata per microscopic field (23.57), while in Pusa

kasuri, mutants L showed the highest number of stomata per microscopic field (11.48) at a 1%

significant level. Mutants A and F of PEB and mutants J and O of Pusa kasuri displayed a

remarkable increase in stomatal length, while other mutants exhibited slight changes com-

pared to the control. The most substantial increases in length of the stomata were noticed in

mutant F and mutant J (15.45 μm and 14.23 μm) compared to the respective controls. Regard-

ing the width of stomatal pores, mutants F and N (4.96 μm and 4.24 μm) exhibited the highest

significant increase, both at a 1% level (p<0.01), compared to their controls (Fig 1A and 1C).

The variations in the shape and size of stomatal pore of T. foenum-graecum and T. corniculata
are displayed in Figs 2 and 3.

Fig 2. Morphological pictorial of leaf and SEM microphotographs showing number of stomata per microscopic field and

dimensions of stomatal pore of control C1 (a, b, c) mutant A (d, e, f) mutant C (g, h, i) and mutant F (j, k, l) of Trigonella
foenum-graecum.

https://doi.org/10.1371/journal.pone.0305691.g002
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In this study, the external and internal surface of the seed, as well as seed shape, length, and

width, were analyzed. The observations revealed variations in morphological characteristics

such as seed shape, arrangement of surface cells, and size. Mutants of both species exhibit nota-

ble variations in length and width of the seed. Mutant F and mutant J had highest seed length

(4.24 μm and 2.76 μm), while mutant G and mutant O had smallest seed length (3.58 μm and

2.37 μm) among all mutants. Mutant F and mutant N had highest seed width (2.31 μm

and1.34 μm), while in mutant F and mutant J smallest seed width (2.31 μm and 1.11 μm) was

noted (Fig 1B and 1D). Seed shape could also potentially play a significant role in identifica-

tion. Various forms were seen such as rhomboid, rectangular, oblong, etc. in PEB (Fig 4) while

elliptic, oblong, oval, and ovate shapes were noted in Pusa kasuri (Fig 5). The ultrastructural

Fig 3. Morphological pictorial of leaf and SEM microphotographs showing number of stomata per microscopic field and

dimensions of stomatal pore of control C2 (a,b,c) mutant J (d,e,f) mutant N (g,h,i), and mutant O (j,k,l) of Trigonella
corniculata.

https://doi.org/10.1371/journal.pone.0305691.g003
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examination of the seed coat of the mutants of both species illustrates characteristic cell pat-

tern. Seed coat patterns such as papillate and mounded with papillae, having isodiametric, tan-

gentially elongated, irregular, and irregular reticulate seed coat cells outlines were noticed.

In summary, the high-yielding mutant lines showed variations in stomatal characteristics

and seed micromorphology, with certain mutants exhibiting significant improvements related

to their corresponding controls.

Phytochemical investigation of methanolic seed extract of high yielding

mutant lines by GC-MS

The GC-MS chromatogram of the methanolic seed extract of the mutants of PEB and Pusa

kasuri, presented in Figs 6 and 7, respectively, showed the presence of various bioactive phyto-

chemicals. The methanolic extract contained significant phytochemical elements, including

trihydroxy alcohol, ketones, thiophene, esters, fatty acids, amines, fatty amides, etc. These

compounds were identified based on their retention time and peak area percentage, to those of

known compounds listed in the National Institute of Standards and Technology (NIST) library

(S2 and S3 Tables in S1 File). All the mutant lines exhibited variations in peak presence, com-

pound composition, and area percentages. The composition of major phytocompounds found

Fig 4. Morphological pictorial of seeds and SEM microphotographs showing seed morphology, hilum shapes and seed coat pattern of

control C1 (a,b,c,d), mutant A (e,f,g,h), mutant C (i,j,k,l), mutant F (m,n,o,p) of Trigonella foenum-graecum.

https://doi.org/10.1371/journal.pone.0305691.g004
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in the methanol extracts of both species is displayed in Table 3, along with their class, molecu-

lar formula and weight, compound ID, and pharmacological activities. Among the mutants

isolated from PEB, mutant A had the maximum number of bioactive constituents, followed by

mutants F, B, G, and C. In Pusa kasuri, the maximum bioactive compounds were detected in

mutant J, followed by mutants L, O, and N. The major identified bioactive compounds in the

methanolic extracts of PEB included cyclohexanamine, N-methyl; 1H-Azepin-1-amine, hexa-

hydro-; δ-Dodecalactone; 2-Naphthalenol, decahydro-; Hexadecanoic acid, methyl ester; n-

Hexadecanoic acid; 9,12-Octadecadienoic acid (Z, Z)-, meth; 9-Octadecenoic acid, methyl

ester, (E)-; Octadecanamide, N-(2-hydroxyethyl)-; 9,12-Octadecadienoic acid (Z, Z)-; Hexade-

canoic acid, 2-hydroxy-1-(hydro; and others. In Pusa.

kasuri, the major bioactive compounds were found: 2-Naphthalenol, decahydro-; Hexade-

canoic acid, methyl ester; n-Hexadecanoic acid; 9,12-Octadecadienoic acid (Z,Z)-, methyl;

9,12-Octadecadienoyl chloride, (Z,Z)-; 9,12-Octadecadienoic acid (Z,Z)-; Octadecanamide, N-

(2-hydroxyethyl)-; Hexadecanoic acid, 2-hydroxy-1-(hydro; and others. In summary, the

GC-MS analysis indicated the presence of diverse bioactive compounds in both species, with

significant differences among the mutant lines in terms of compound composition and

abundance.

Fig 5. Morphological pictorial of seeds and SEM microphotographs showing seed morphology, hilum shapes and seed coat pattern of

control C2 (a,b,c,d), mutant J (e,f,g,h), mutant N (i,j,k,l), and mutant O (m,n,o,p) of Trigonella corniculata.

https://doi.org/10.1371/journal.pone.0305691.g005
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SCoT marker analysis of high yielding mutants

Six primers were employed to investigate the genetic diversity among the mutants using SCoT

molecular markers. All tested primers yielded reproducible and scorable bands in both species,

as depicted in S1, S2 Figs in S1 File. showcasing the SCoT pattern. The SCoT primers produced

50 and 63 scorable bands in PEB and Pusa Kasuri, respectively, averaging 8.33 and 10.5 bands

per primer. From this total number of bands, 14 (28.3%) and 31 (46.7%) were identified as

polymorphic, with an average of 2.33 and 5.17 bands per primer in PEB and Pusa kasuri,

respectively. In PEB, the highest number of polymorphic bands (4) was produced by SCoT3

and SCoT12, while the lowest number of polymorphic bands (1) was observed with SCoT7,

SCoT26, and SCoT27. The highest polymorphism (50%) was observed with SCoT3, while the

Polymorphic Information Content (PIC) values ranged significantly from 0.24 in SCoT3 to

0.03 in SCoT27 in PEB. Whereas in Pusa kasuri, the highest polymorphism (67%) was pro-

duced from SCoT3 and SCoT17, and PIC values generated from all primers varied from 0.25

in SCoT17 to 0.10 in SCoT12. Notably, the SCoT3 primer displayed the highest polymorphism

percentage in both species, making it an effective marker to distinguish control and mutant

populations (Table 4).

Based on Jaccard’s coefficient, the genetic similarities indicated that the highest value was

observed between mutant A and mutant C, with a value of 0.97, while the lowest similarity

value was found between mutant B and mutant F, with a value of 0.74 in PEB. On the other

hand, the highest similarity coefficient was 0.88 among mutant J and mutant O, while the min-

imal similarity coefficient was 0.58 among the control and mutant L in Pusa kasuri (S4 and S5

Tables in S1 File).

Fig 6. GC-MS chromatogram of the seed methanolic extract of control C1 (a), mutant A (b), mutant B (c), mutant C (d), mutant F (e) and mutant G (f) of

Trigonella foenum-graecum.

https://doi.org/10.1371/journal.pone.0305691.g006
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Phylogenetic trees were constructed for the mutants based on the Unweighted Pair Group

Method of the Arithmetic Averages (UPGMA) analysis of SCoT data. In the SCoT marker sys-

tem, the dendrogram of PEB exhibited a division into two primary clusters, with the first clus-

ter including both the control and mutant B. The second cluster grouped the remaining four

mutants. The second cluster was further subdivided into two subclusters, with the first subclus-

ter consisting of three mutants (mutant A, mutant C, and mutant G), while the second sub-

cluster have only mutant F. Meanwhile, the dendrogram of Pusa kasuri featured one major

cluster, which grouped four mutants, along with another cluster solely including the control

(the most divergent among all). The major cluster was further subdivided into two subclusters.

The first subcluster exclusively contained mutant L, while the second subcluster was subse-

quently divided into two groups. The first group included two mutants (mutant J and mutant

O), while the second group involved only mutant N (S3 Fig in S1 File).

Pearson correlation heatmap and pairwise scatter plot matrix

The Pearson correlation coefficients were calculated to assess the relationships among the

parameters of both the species, and the results were visualized as a heatmap in Fig 8. The Pear-

son correlation coefficients, which provide insights into the relationships between pairs of the

parameters, displayed a range of values spanning from -0.08 to 0.86. Significant positive corre-

lations were observed, with a coefficient of 0.86, between seeds per pod and iron content. In

the heatmap, the darker red shades signified strong positive correlations among the parame-

ters, whereas the blue color indicated negative correlations. The presence of strong correla-

tions between iron content and seeds per pod contribute to a plant’s ability to achieve a

nutritious high yield potential.

Fig 7. GC-MS chromatogram of the seed methanolic extract of control C2 (a), mutant J (b), mutant L (c), mutant N (d), and mutant O (e) of Trigonella
corniculata.

https://doi.org/10.1371/journal.pone.0305691.g007
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Table 3. Major phytoconstituents identified from the methanolic extracts of the control and the mutant lines of T. foenum graecum and T. corniculata.

Phytocompounds Class of

compounds

Molecular

formula

M.W.

(g/

mol)

Pubchem

CID

IUPAC name Activities References

Glycerin trihydroxyalcohol C3H8O3 92.09 753 propane-1,2,3-triol Antiherpetic and antiviral [31]

2,4-Dihydroxy-

2,5-dimethyl-3(2H)-furan

Ketone C6H8O4 144.12 538757 2,4-dihydroxy-

2,5-dimethylfuran-3-one

Antioxidant [32]

2-Methoxythiophene Thiophene C5H6OS 114.17 85610 2-methoxythiophene Antifungal [33]

Cyclohexanamine, N-

methyl-

Aliphatic amine C7H15N 113.2 7514 N-methylcyclohexanamine No activity reported -

1H-Azepin-1-amine,

hexahydro-

- C6H14N2 114.19 22198 azepan-1-amine No activity reported -

.delta.-Dodecalactone Ester C12H22O2 198.3 12844 6-heptyloxan-2-one No activity reported -

2-Naphthalenol, decahydro- - C10H18O 154.25 13216 1,2,3,4,4a,5,6,7,8,8a-

decahydronaphthalen-2-ol

Antineoplastic, anti-infectives

and antioxidant

[34]

3-Nitro-4-hydroxypyridine - C5H4N2O3 140.1 228506 3-nitro-1H-pyridin-4-one No activity reported -

1H-Azepine, hexahydro-

3,3,5-trimethyl-

- C9H19N 141.25 118239 3,3,5-trimethylazepane No activity reported -

Hexadecanoic acid, methyl

ester

(Methyl palmitate)

Fatty acid esters C17H34O2 270.5 8181 methyl hexadecanoate Antimicrobial, antioxidant,

hypocholesterolemic, pesticide,

lubricant, antiandrogenic and

hemolytic 5-alpha-reductase

inhibitor

[35, 36]

n-Hexadecanoic acid

(Palmitic acid)

Saturated fatty

acid

C16H32O2 256.42 985 hexadecanoic acid Antibacterial and antifungal [37]

9,12-Octadecadienoic acid

(Z,Z)-, methy (Linoleic

Acid)

omega-6 fatty acid

(unsaturated)

C18H32O2 280.4 5280450 (9Z,12Z)-octadeca-

9,12-dienoic acid

Antioxidant, anticancer,

antimicrobial,

Anti-inflammatory,

hypocholesterolemic,

antiarthritic, anticoronary,

antieczemic and antiacne.

[38–40]

9-Octadecenoic acid, methyl

ester, (E)- (Methyl elaidate)

Fatty acid C19H36O2 296.5 5280590 methyl (E)-octadec-9-enoate Antioxidant,

Antibacterial and antifungal

[41]

9,12,15-Octadecatrienoic

acid, methyl e (Methyl

elaidolinolenate)

Fatty acid C19H32O2 292.5 5367462 methyl (9E,12E,15E)-

octadeca-9,12,15-trienoate

antimicrobial [42]

9,12-Octadecadienoyl

chloride, (Z,Z)- (Linoleoyl

Chloride)

Fatty acid C18H31ClO 298.9 9817754 (9Z,12Z)-octadeca-

9,12-dienoyl chloride

Antioxidant, antibacterial, anti-

nociceptive, anti-inflammatory,

larvicidal and repellent effects

[43–45]

Cis-9-hexadecenal mono-unsaturated

fatty-aldehyde

C16H30O 238.41 5364643 (Z)-hexadec-9-enal Antioxidant, antifungal and

antimelanogenic

[46, 47]

9-Tetradecenal, (Z)- - C14H26O 210.36 5364471 (Z)-tetradec-9-enal No activity reported -

Octadecanamide, N-

(2-hydroxyethyl)-

Fatty amides C20H41NO2 327.5 27902 N-(2-hydroxyethyl)

octadecanamide

Anti inflammatory [48]

Hexadecanoic acid,

2-hydroxy-1-(hydro

(2-Palmitoylglycerol)

Lipids C19H38O4 330.5 123409 1,3-dihydroxypropan-2-yl

hexadecanoate

Antiinfective, Anti-inflammatory

and Antiprotozoal

[40]

Vitamin E

(Alpha-Tocopherol)

Vitamins C29H50O2 430.7 14985 (2R)-2,5,7,8-tetramethyl-2-

[(4R,8R)-

4,8,12-trimethyltridecyl]-

3,4-dihydrochromen-6-ol

Antioxidant, antiageing

analgesic, anti-alzheimer, anti-

dermatitic, anti-diabetic, anti-

inflammatory, anti-

osteoarthritic, anti-proliferant,

antispasmodic, anti-sunburn,

antitumor, hypocholesterolemic,

immunostimulant

[49–51]

(Continued)
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To further explore the linear associations between two continuous variables, a pairwise scat-

ter plot matrix with linear regression lines was created, as depicted in Fig 9. The linear regres-

sion lines were fitted to best approximate the data points and represented the relationship

between the two variables. This analysis is commonly used to assess the linear association

between continuous variables.

In summary, the heatmap and pairwise scatter plot matrix, along with linear regression,

offered insights into the correlations and linear associations among the parameters of both

PEB and Pusa kasuri. The strong positive correlation among seeds per pod and iron content

highlights their potential relationship in the plant’s characteristics.

Discussion

High yielding mutant lines

In the M3 generation of two fenugreek species, a total of nine mutant lines were identified,

each exhibiting significant variability in important yield-attributing traits, such as the num-

ber of fertile branches per plant, pods per plant, and overall seed yield. In comparison to the

control, these mutant lines demonstrated a notable rise in the average values of these yield-

related traits. These results align with the earlier results in lentil [56]. The observed surge in

seed yield and other yield- related traits can be attributed to mutagen-induced increased

mitotic division, modifications in physiological, biochemical, and metabolic pathways, and

interactions with genes regulating yield. The mutants were obtained from lower and inter-

mediate caffeine and SA treatment doses, indicating the potential effectiveness of these

mutagenic agents in inducing beneficial changes in yield-related traits. The yield decreases

higher concentrations of caffeine and SA in both species might be due chromosomal inju-

ries, failure or restricted pairing, delays in DNA synthesis, or disturbed spindle formation,

along with high pollen sterility due to the genotoxic effects of chemical mutagens. The suc-

cessful isolation of high-yielding mutant lines in the M3 generation holds immense promise

for crop improvement programs.

In conclusion, the findings underscore the high selection value and significant breeding sig-

nificance of the identified mutant lines with enhanced yield attributes. The successful applica-

tion of mutagenic treatments to induce beneficial changes in fenugreek cultivars paves the way

for the development of improved varieties that can contribute to increased agricultural pro-

ductivity and food security.

Table 3. (Continued)

Phytocompounds Class of

compounds

Molecular

formula

M.W.

(g/

mol)

Pubchem

CID

IUPAC name Activities References

6,9-Octadecadienoic acid,

methyl ester

Fatty acid ester C19H34O2 294.5 5365662 methyl (6E,9E)-octadeca-

6,9-dienoate

Antifungal [52]

9-Octadecenoic acid (Z)-,

2,3-dihydroxy

Fatty ester C21H40O4 361.6 71751310 (1,1,2,3,3-pentadeuterio-

2,3-dihydroxypropyl) (Z)-

octadec-9-enoate

Anti tumor [53]

Stigmast-5-en-3-ol, oleate Steroidal ester C47H82O2 679.2 20831071 Anticancer [54]

Carbamic acid, 2-

(dimethylamino)ethyl

Amines C5H12N2O2 132.16 48131 2-(dimethylamino)ethyl

carbamate

No activity reported -

Bis(2-(Dimethylamino)

ethyl) ether

Amines C8H20N2O 160.26 18204 2-[2-(dimethylamino)

ethoxy]-N,N-

dimethylethanamine

Anti tumor [55]

https://doi.org/10.1371/journal.pone.0305691.t003
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Physiological parameters

The present study focused on evaluating chlorophyll and carotenoid contents in the M3 high-

yielding mutant lines. The results revealed a significant improvement in the mean values of

chlorophyll and carotenoid contents in these mutants in contrast to their respective controls.

Similar increases in chlorophyll and carotenoid contents have been reported in other studies

involving different plant species, such as Triticum aestivum [57], Brassica napus [58], and Cap-
sicum annum [59]. The increase in total chlorophyll and carotenoid contents in the mutants

was primarily attributed to the augmentation in chlorophyll-a and β-carotene contents, as doc-

umented in previous research [60]. Carotenoids, being natural pigments, play a crucial role in

plant health, and their consumption in the human diet is known to offer various health bene-

fits, including their antioxidant properties that help alleviate oxidative stress in the body [61].

The significant improvement in carotenoid contents in the high-yielding mutant lines may be

linked to mutagen-induced alterations in the activity levels of carotenoid biosynthesis genes.

This up-regulation of carotenoid biosynthesis genes induced by mutagenic treatments might

confer tolerance to diverse climate-induced stresses, such as drought and salinity. As a result,

it suggests that the identified high-yielding M3 mutants may possess tolerance to both biotic

and abiotic stresses. These mutants could be further screened in advanced generations after

trait stabilization to assess their potential for crop improvement and stress tolerance.

Fig 8. Pearson correlation heatmap between the parameters of both the species. Red color indicates a positive correlation and

blue indicates a negative correlation.

https://doi.org/10.1371/journal.pone.0305691.g008
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Seed protein and mineral element contents

Induced mutagenesis is a promising approach for crop improvement, aiming to enhance

nutrient contents, particularly protein, in major crops. High-yielding mutant lines were exam-

ined for advancements in seed yield and protein content. Some mutants (A, F, J, and L)

showed a substantial elevation in overall seed protein content, as reported in various crops by

other researchers [56, 62, 63]. The M3 high-yielding mutants also exhibited a significant

increase in mineral elements like iron (Fe) and copper (Cu), potentially addressing mineral

nutrient deficiency. However, there is a risk of merging the improved micronutrient trait with

high yield. Tomlekova et al. (2017) [64] also found that higher β-carotene content caused an

increase in mineral element content in pepper mutants. It was suggested that increased min-

eral elements might be due to augmented β-carotene contents in the mutants. These results

were confirmed by [65] in faba bean and [66] in chickpea. These findings support the possibil-

ity of combining improved yield characteristics with genetic enhancement of micronutrient

content to produce mutants with enhanced nutritional profiles. Agronomic biofortification,

involving various applications in edible crops, can be an effective method for increasing min-

eral elements. The development and utilization of mutants with both high yield and high pro-

tein content offer promising avenues for advancing agriculture and improving human

nutrition. Recently, it has been widely accepted that a series of specific genes regulate protein

synthesis in seeds, and changes in proteins are produced due to genetic alterations in most of

the events.

Stomatal behaviour of leaves and micromorphology of seeds

Scanning Electron Microscopy (SEM) has developed as a crucial tool in the field of biology,

enabling researchers to explore and analyze the intricate structures of biological specimens

Fig 9. Pairwise scatter plot matrix with linear regression lines between the two variables.

https://doi.org/10.1371/journal.pone.0305691.g009
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with high resolution and detail [67]. Researchers have extensively utilized SEM to study leaf

physiology and surface morphology, offering valuable insights into plant adaptations and

responses to environmental conditions [68]. SEM analysis revealed a notable increase in sto-

matal size compared to control plants. This finding has been supported by multiple previous

studies [27, 56, 69]. The increase in stomatal size, both in terms of length and width, as well as

the number of stomata, has significant implications for the gaseous exchange between the

plant tissues and the environment. This enhanced exchange facilitates a more efficient photo-

synthetic process, leading to an improvement in overall plant yield. The observed changes in

stomatal characteristics in high-yielding mutants may be attributed to induced genetic damage

and mutations caused by mutagenic agents used in the study.

In addition to stomatal behavior, the research also examined seed morphology and seed

coat pattern in various seed mutants of Trigonella species. The seed coat pattern or micro-

ornamentation on the surface of the outer cell wall can be regarded as having taxonomic

value in species identification. However, in the current research, clear differences were

detected in the micromorphology of seeds from various mutants of both Trigonella species,

aligning with findings reported by [70, 71]. The significance of seed sculpturing as a diag-

nostic character depends on the extent of variation present within and among species, as

well as the effectiveness of seed morphology in distinguishing between species at the inter-

specific level. Cervantes et al. (2016) [72] noted that the integration of digital technologies,

along with advancements in quantification and modeling methods, enables a more precise

description of seed shape.

In summary, the observed changes in stomatal size and frequency suggest their potential

significance in enhancing plant productivity through improved photosynthesis. The investiga-

tion of seed micromorphology offers valuable information about the variability in seed traits,

which could be of great importance in the context of crop improvement and breeding

programs.

GC-MS analysis

Gas-chromatography coupled with mass spectrometry (GC-MS) is a precise technique for

qualitative analysis [73], and in the present study, it was used to identify phytochemical com-

pounds in PEB and Pusa kasuri. Methanol extraction was utilized, a common technique for

identifying phytochemicals in various plant species. The study recorded important compounds

like linoleic acid, palmitic acid, stearamide, elaidic acid, and dodecanoic acid, among others,

which possess pharmaceutical, medicinal, and industrial value. Researchers have conducted

GC-MS analysis of fenugreek seeds previously, identifying abundant phytochemicals with

health benefits [74–76]. For example, linoleic acid has demonstrated strong anticancer activity,

particularly in breast cancer treatment [77]. Hexadecanoic acid, an ester, exhibits various

properties such as antioxidant, hypocholesterolemic, pesticide, lubricant, antiandrogenic, fla-

vor, and hemolytic 5-alpha-reductase inhibitor [36]. Other phytochemical constituents like

pinene, linoleic acid methyl ester, etc. possess pharmacological activities as antioxidants and

are used for antiasthmatic and treatment of sexual and urinary disorders [78]. The compounds

identified belong to a diverse range of chemical groups, and a substantial portion of these com-

pounds has been confirmed to possess important biological activities [79]. The significant

chemical compounds identified within various extracts are believed to be components of the

plants’ defense mechanisms. These compounds can be categorized as protective elements pres-

ent in the plant, often referred to as ’phytoanticipins’ and ’phytoprotectants’ [80]. Such com-

pounds are of particular interest due to their potential therapeutic applications in treating

various diseases and promoting overall health.
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SCoT Marker analysis

SCoT marker analysis is a reliable and versatile DNA marker technique based on the transla-

tion initiation site (TIS), which has been successfully validated in rice and peanut [13, 81].

Moreover, the interaction between mutagens and DNA leads to alterations in gene expression

and distinctive DNA profiles. Its simplicity and reproducibility have been employed to studies

of genetic diversity and taxonomy in diverse plant species like Nigella sativa [82], Mangifera
indica [83], and Common bean [84].

In this study, SCoT marker analysis was utilized to investigate polymorphism in Trigonella
species. The findings revealed a high abundance of polymorphisms, with 28.3% and 46.7%

polymorphic DNA bands observed in PEB and Pusa kasuri, respectively. As per Bhat et al.

(2012) [85], genotypic diversity in mutant plants may arise from the emergence of new bands

due to mutation and the disappearance of bands due to DNA damage. The informativeness of

each primer was assessed using the PIC criteria, and the mean PIC values demonstrated the

effectiveness of the marker system. The PIC value ranges from 0 to 1, with values closer to 1

indicating higher levels of polymorphism. Comparable effectiveness of SCoT markers has

been reported in other studies involving different crops, with PIC values ranging from 0.10 to

0.76 in Coffea canephora, 0.15 to 0.62 in Laurus nobilis, 0.31 to 0.39 in Triticum aestivum, and

0.43 to 0.47 in chickpea genotypes [86–89]. Earlier research has also highlighted the effective-

ness of SCoT markers in evaluating genetic diversity in various species, including T. foenum-
graecum [90], Papaver bracteatum [91], and wild salvia [92]. Overall, SCoT marker analysis

has proven to be a valuable tool in exploring genetic diversity and polymorphism in different

plant species, providing valuable insights for crop improvement and breeding programs.

Conclusion

The current study highlights the effectiveness of morpho-physiological, biochemical, protein,

and mineral content analyses, along with molecular analysis, in selecting fenugreek mutants

with varying performance under diverse mutagenic conditions. A broad spectrum of variabil-

ity was observed across all traits and unique traits that can be harnessed to develop more desir-

able and resilient crop varieties. Assessment of stomatal and seed characteristics may

contribute to enhancing physiological processes and distinguishing between species at the

interspecific level, respectively. The presence of pharmaceutical and medicinal compounds in

the mutants opens up opportunities for the development of novel herbal remedies for various

diseases, potentially resulting in the formulation of new medications. SCoT markers demon-

strated efficiency and exhibited stronger discriminating power for the studied species, as evi-

denced by the high values of genetic diversity indices, polymorphism percentage, and number

of specific bands. The findings underscore the ability of mutagens to induce variation in SCoT

banding patterns. These bands could be deemed valuable markers in breeding programmes.

Cluster analysis segregated the control plants of both species into distinct clusters, confirming

that the applied mutagens effectively induced heritable genetic variability in the M3 mutants in

contrast to their respective controls. Furthermore, it has been established that selection for

yield traits can be integrated with genetic enhancement of the nutritional content of fenugreek

to potentially generate mutant varieties. Further studies aimed at purification, sequencing and

stress-related gene expression analysis of these bands could potentially reduce the expense of

breeding programs and serve as a potent strategy for selecting high-yielding mutants.
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