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Abstract !
This study evaluates the morphological and agronomic diversity of 30
fenugreek (Trigonella foenum-graecum L.) genotypes from lower-altitude

regions of Uttarakhand to identify high-yielding, resilient cultivars for the Artic]e History
western Himalayan region. Cultivated in a randomized block design with 2R§2°:'V3d: 11 November

three replications over two growing seasons (2021-22 and 2022-23) at
CSIR-CIMAP Research Centre, Purara, the genotypes were analyzed
for traits such as germination rate, plant height, leaf characteristics, root
length, branching, flowering time, and yield metrics. Results revealed
significant genetic diversity, with early-germinating genotypes like UK-
23 (3.51 days) facilitating rapid establishment, and uniform-emergence
genotypes like UK-28 (8.41 days to 50% germination) promoting even
stands. High-biomass genotypes, like UK-18, with a tall stature (38.87
cm) and high fresh herb weight (23.77 kg/ha), were favorable for biomass
production. Enhanced leaf and root traits, such as large leaves in UK-10
and long roots in UK-9, support improved photosynthesis and drought
resilience, while early-flowering genotypes like UK-16 (91.91 days) suit
shorter growing seasons. Notably, UK-22 stood out for high yields in both
dry herb (16.07 kg/ha) and seed (24.06 kg/ha), demonstrating promise
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in the region.

for sustainable productivity in challenging conditions. Overall, genotypes
UK-23, UK-18, and UK-22 emerged as top candidates for herb and seed
production in hilly areas, providing a valuable basis for breeding resilient
fenugreek varieties to bolster local livelihoods and sustainable agriculture

Introduction

Fenugreek (Trigonella foenum-graecum L.),
commonly referred to as methi in India, is an
herbaceous annual plant belonging to the Fabaceae
family, with a diploid chromosome number of 2n = 16".
Originating from the Mediterranean region, this
legume has been cultivated for centuries for its
versatile use in food, medicinal applications, and
industrial products. Its adaptability to different
environments and significant nutritional and
therapeutic value have propelled its cultivation
beyond its native range, making it an important
crop globally.?2 Currently, India stands as the
world’s leading producer of fenugreek, accounting
for approximately 85% of global production. The
state of Rajasthan primarily drives this production,
supplying both domestic and international markets
with high-quality fenugreek seeds and leaves.?#
The plant prefers semi-arid climates and is well-
suited to loamy soils with adequate drainage
and a pH range of 6.0-7.5, allowing it to thrive
across a variety of regions up to an elevation of
2,600 meters. With the rising global demand for
fenugreek, fueled by increased awareness of its
health benefits, the United States, the United Arab
Emirates, and several European countries have
become major importers.® Fenugreek is especially
valued for its diverse range of bioactive compounds,
including saponins, flavonoids, and alkaloids,
which have demonstrated antioxidant, antidiabetic,
and antimicrobial properties. These properties
have made fenugreek a sought-after ingredient
in both traditional and modern pharmaceutical,
nutraceutical, and wellness industries, where it is
widely used to manage blood sugar, improve digestive
health, and support general wellness.”

However, despite the high international demand,
fenugreek cultivation in the Western Himalayas,
particularly in the state of Uttarakhand, remains
underdeveloped. Farmers in Uttarakhand face
specific agronomic challenges, primarily due to
limited access to high-yielding cultivars, soil fertility

concerns, and suboptimal growing conditions that
lead to the low productivity of local fenugreek
varieties.® Furthermore, the unique environmental
conditions of this region, including its specific
altitude, soil type, and climate, necessitate the
development of fenugreek varieties tailored to
thrive in these local conditions. Addressing these
limitations by developing cultivars adapted to
Uttarakhand’s agro-ecological conditions could
significantly enhance productivity, increase farmers'
income, and contribute to the economic sustainability
of the region.

The present study aims to evaluate the morphological
and agronomic characteristics of 30 distinct
fenugreek genotypes collected from diverse
altitudinal zones in Uttarakhand over two growing
seasons, 2021-22 and 2022-23. By examining the
variation in key traits such as plant height, number of
branches, leaf count, pod formation, and seed yield,
this study seeks to identify promising genotypes
that exhibit superior performance and adaptability
to the region’s lower altitudes. These insights into
genotype-trait relationships will inform breeding
programs focused on developing high-yielding,
resilient fenugreek varieties specifically suited to
the conditions of Uttarakhand. In addition, this study
contributes to the conservation and utilization of the
genetic diversity of fenugreek, which is crucial for
long-term sustainability in cultivation. Enhancing
fenugreek’s adaptability to new regions not only
supports regional agriculture but also aligns with
global efforts to conserve valuable genetic resources
in agriculture. The findings of this research could
potentially increase Uttarakhand’s contribution
to the fenugreek industry, offering a pathway for
local farmers to benefit from both domestic and
international markets.

Materials and Methods

Genotype Collection

A total of thirty germplasm samples of fenugreek
(Trigonella foenum-graecum L.) were collected
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from diverse hilly regions across Uttarakhand, India.
These regions covered a wide altitudinal range,
extending from 423 to 2600 meters above mean sea
level (Table 1). The collection sites were chosen to
represent varied agro-climatic conditions, ensuring
a diverse genetic pool. Following the collection, the
germplasm samples were carefully authenticated
and processed by experts at the Division of Plant

Table 1: Distribution of fenugreek genotypes

1278

Breeding and Genetic Resource Conservation,
CSIR-CIMAP, Lucknow. The samples were stored
under controlled conditions in the Seed Quality
Laboratory at CSIR-CIMAP, Lucknow, to maintain
their viability and genetic integrity. For further
utilization, the germplasm was transferred to the ex-
situ gene bank located at the CSIR-CIMAP Research

Centre, Purara, Bageshwar, Uttarakhand.

collected from various districts in Uttarakhand,

India, along with their respective altitude ranges.

Bageshwar (Mean Sea level range
from 1500 to 2200 meters)

Nainital (Mean Sea range from

423 to 2000 meters)

Chamoli (Mean Sea level range

from 1850 to 1900 meters)

Almora (Mean Sea level range

from 1800 to 1890 meters)

Tehri Garhwal (Mean Sea level 2600 meters)
Uttarkashi (Mean Sea level 1500 meters)
Pithoragarh (Mean Sea level range from

915 to 2200 meters)

UK-01, UK-03, UK-04, UK-05, UK-06, UK-07, UK-08,
UK-09, UK-10, UK-11, UK-12, UK-14, UK-15, UK-18,
UK-19, UK-21, UK-22
UK-02, UK-16, UK-17

UK-13, UK-26
UK-20, UK-23
UK-24

UK-25
UK-27, UK-28, UK-29, UK-30

Experimental Design and Cultivation

The fenugreek germplasm was cultivated over
two consecutive growing seasons (2021-22 and
2022-23) with sowing conducted on October 15"
each year. The experiment followed a randomized
block design (RBD) with three replications to ensure
statistical accuracy and minimize variability. Plant
spacing was meticulously maintained at 15 cm
within rows and 20 cm between rows, allowing for
optimal growth conditions. The experimental plots
were prepared to meet agronomic standards, with
soil properties analyzed beforehand and prevailing
weather conditions recorded to assess their impact
on crop performance. Throughout the six-month
growth cycle, standard agronomic practices such
as irrigation, weeding, and nutrient management
were applied to sustain crop health and productivity.
The cycle commenced with sowing in October,
followed by the first harvest in December and the
second harvest in February, culminating in seed
harvesting in April. This structured approach ensured
comprehensive data collection across all growth
stages, providing valuable insights into the genetic
variability and adaptability of the germplasm.

Soil and Weather Details

The experimental site at the CSIR-CIMAP Research
Centre, Purara, Bageshwar, Uttarakhand, was
characterized by loamy soil with good drainage
properties, ideal for fenugreek cultivation. The
soil pH ranged from 6.2 to 7.0, which is optimal
for fenugreek growth. The soil's NPK (Nitrogen,
Phosphorus, and Potassium) values were as follows:
nitrogen content was 0.12%, phosphorus content
was 18.5 kg/ha, and potassium content was 120 kg/
ha. These nutrient levels were sufficient to support
the growth of fenugreek plants. Weather conditions
at the site during the experimental period (October
to April) were favorable, with average temperatures
ranging from 15°C to 28°C. The region experiences
a temperate climate with rainfall primarily during the
monsoon months (June to September), while the
experimental period saw moderate rainfall and clear
skies. Average humidity levels ranged from 60% to
80%, providing suitable conditions for plant growth.

Agronomic Traits Data Collection
To evaluate the performance and variability of the
fenugreek germplasm, data on a wide range of
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agronomic traits were meticulously recorded
from ten labeled plants in each plot during every
growth stage. Key traits included days to first
germination (DFG) and days to 50% germination
(D50%G), which captured the time taken for seed
emergence and 50% germination, respectively.
Plant height (PH) was measured from the base
to the highest point, providing insights into overall
growth. The number of leaves per plant (NL) and
leaf morphology, including measurements of leaf
length (LL) and leaf width (LW), were recorded to
assess foliage development. Root length (RL) was
measured to evaluate root development, while the
number of branches per plant (NB) served as an
indicator of plant vigor and bushiness. Days to first
flowering (DTFF) marked the time from sowing to
the appearance of the first flower, highlighting critical
developmental milestones. Additionally, fresh herb
weight per hectare (FHWH) and dry herb weight per
hectare (DHWH) were recorded after each harvest to
quantify yield performance. Seed yield per hectare
(SYPH) was documented during the final harvest
to assess the reproductive success of the plants.

Statistical Analysis

Data on morphological traits and growth yield of
fenugreek genotypes were analyzed using analysis
of variance (ANOVA) in a randomized block design
(RBD) to assess genotype differences. Traits such
as plant height, leaf count, root length, number of
branches, and yield (fresh and dry herb weight, seed
yield) were evaluated for significant variations across
two growing seasons (2021-22 and 2022-23) using
the R package version 0.1.0.

Results

Findings of morphological and agronomic traits of 30
fenugreek genotypes are described below. Data are
summarized in Tables 2 and 3. The analysis revealed
considerable genetic variability across various
traits, highlighting the adaptability and potential of
these genotypes for cultivation in the hilly regions
of Uttarakhand.

Germination Traits

Days to first germination (DFG) exhibited
considerable variability among the evaluated
genotypes, ranging from as low as 3.51 days in UK-
23 to as high as 7.00 days in UK-14, with an overall
mean of 5.26 days and a coefficient of variation
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(C.V.) of 5.81%. Genotypes like UK-23 (3.51 days),
UK-28 (3.78 days), and UK-16 (4.80 days) showed
rapid germination rates, highlighting their potential
for quicker crop establishment. These traits are
particularly valuable in ensuring early seedling
vigor, better competition against weeds, and efficient
utilization of available nutrients and moisture.
On the other hand, slower germinating genotypes,
such as UK-14 (7.00 days), UK-24 (6.71 days), and
UK-25 (6.00 days), may require specific management
practices to enhance field performance. Days to
50% germination (D50%G) ranged widely, from
8.41 days in UK-28 to 19.17 days in UK-26, with
an average of 13.79 days and a relatively high C.V.
of 10.94%. Genotypes such as UK-28 (8.41 days),
UK-23 (8.87 days), and UK-18 (8.96 days) achieved
uniform and fast emergence, which is crucial for
achieving a uniform crop stand and optimizing
yields. Conversely, genotypes like UK-26 (19.17
days), UK-19 (16.03 days), and UK-4 (15.84 days)
displayed delayed germination, which might limit
their adaptability to specific agro-climatic conditions,
especially in short growing seasons or under high
weed pressure. The variability in germination
traits underscores the potential for selecting and
breeding fenugreek genotypes that align with desired
agronomic and environmental requirements. Rapid
germination, as observed in UK-23 and UK-28, not
only aids in efficient crop establishment but also
offers an advantage in regions with unpredictable
weather patterns or limited growing windows.

Morphological Traits

The plant height (PH) of the 30 fenugreek genotypes
exhibited significant variation, ranging from 7.63
cm in UK-27 to 38.87 cm in UK-18, with an overall
average of 20.45 cm and a coefficient of variation
(C.V.) of 4.17%. The tallest genotype, UK-18,
is particularly suitable for high biomass production,
which is advantageous for both foliage yield and
medicinal or aromatic applications. Taller plants,
such as UK-18, may provide higher volumes of
biomass, potentially leading to increased yield in
regions where height is correlated with productivity.
In contrast, shorter genotypes, such as UK-27 (7.63
cm), offer a more compact structure, making them
suitable for dense cropping systems or intercropping,
where space efficiency is a priority. This variability
in plant height provides opportunities for selecting
genotypes according to specific agronomic needs,
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from high-yielding crops to those adapted to space-
limited environments. The number of leaves (NL)
also demonstrated considerable variability, with
values ranging from 11.21 leaves in UK-26 to 61.31
leaves in UK-4. Genotypes with higher leaf numbers,
such as UK-4, exhibit enhanced photosynthetic
capacity, a critical factor in biomass production
and overall plant health. With a C.V. of 1.88%, the
trait showed consistent performance across trials,
indicating that genotypes with a high leaf count can
be expected to reliably perform well, improving both
foliage yield and total biomass. Higher leaf counts
are generally associated with better photosynthetic
efficiency, which could contribute to enhanced
growth rates and higher overall productivity. These
genotypes are particularly valuable for farmers
aiming to maximize biomass and foliage for use
in herbal or medicinal products. In terms of leaf
dimensions, there was significant variation in both
Leaf Width (LW) and Leaf Length (LL). The leaf
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width ranged from 0.55 cm in UK-20 to 1.79 cm
in UK-10, while leaf length varied from 0.72 cm in
UK-29 to 2.34 cm in UK-23. The wide variability in
these leaf dimensions indicates a diversity in leaf
architecture, which can influence the photosynthetic
efficiency of the plant and its potential for biomass
production. Larger leaves, such as those seen in
UK-10 (1.79 cm width) and UK-23 (2.34 cm length),
are expected to contribute to better photosynthetic
performance, leading to increased growth and
biomass accumulation. Genotypes with larger leaves
are also beneficial for their potential use in herbal
products, where the quantity and quality of leaves
directly affect the production of extracts, oils, or
dried herbs. On the other hand, smaller leaves, like
those observed in UK-20 and UK-29, may be more
suited for specific cultivation practices or regions
with space constraints, where a more compact plant
architecture is desirable.

Table 2: Morphological evaluation of 30 fenugreek genotypes (Trigonella
foenum-graecum L.) for agronomic traits.

Genotype DFG D50%G PH NL LW LL

UK-1 5.12 12.59 26.24 26.30 1.19 1.32
UK-2 3.85 13.36 9.35 59.11 0.81 0.96
UK-3 4.25 13.22 24.21 22.25 0.95 1.32
UK-4 4.50 15.84 8.19 61.31 0.69 1.22
UK-5 4.66 14.06 10.17 52.58 0.80 1.17
UK-6 4.65 13.50 20.89 38.00 1.12 1.44
UK-7 4.84 13.61 22.11 34.33 1.28 1.40
UK-8 4.81 17.20 19.54 21.27 1.30 1.51
UK-9 6.61 12.27 21.40 39.32 1.75 1.54
UK-10 4.50 12.14 15.33 53.68 1.79 1.56
UK-11 4.93 13.59 27.95 24.55 1.69 1.72
UK-12 3.85 10.55 26.45 26.26 1.15 1.47
UK-13 4.88 15.37 24.24 18.13 0.84 1.32
UK-14 7.00 17.13 26.59 26.66 1.35 1.19
UK-15 4.96 11.43 12.06 41.83 0.95 1.36
UK-16 4.80 12.70 32.56 22.23 1.54 1.45
UK-17 5.47 11.15 26.35 33.36 1.30 1.62
UK-18 3.56 8.96 38.87 48.87 1.38 2.10
UK-19 5.50 16.03 10.23 31.15 0.76 1.25
UK-20 5.76 16.95 15.48 17.43 0.55 0.78
UK-21 5.85 18.82 13.45 16.77 0.63 0.80
UK-22 3.95 10.16 33.46 45.82 1.18 1.93
UK-23 3.51 8.87 36.20 18.59 1.51 2.34
UK-24 6.01 18.12 30.24 21.48 0.76 1.09
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UK-25 6.00 15.40
UK-26 5.91 19.17
UK-27 5.51 13.06
UK-28 3.98 8.41
UK-29 5.91 12.40
UK-30 5.80 12.77
C.D. 0.48 2.445
SE(m) 0.169  0.862
C.V. 5814  10.945

1281
11.09 15.13 0.56 0.74
15.44 11.21 0.78 1.19
7.63 19.10 0.73 0.87
9.11 31.79 0.96 0.94
16.36 24.97 0.62 0.72
19.44 25.56 0.84 1.39
1.391 0.953 0.174 0.204
0.49 0.336 0.061 0.072
4.169 1.879 9.989 9.366

DFG - Days to first germination, D50%G - Days to 50% germination, PH - Plant height,
NL - Number of leaves per plant, LW - Leaf width (cm), LL - Leaf length (cm); The mean
data are presented for the 2021-22 and 2022-23 growing seasons; CD - critical difference;
SE - standard error; CV - coefficient of variation.

Root and Branching Traits

Root length (RL) exhibited considerable variability,
ranging from 2.57 cm in UK-25 to 7.27 cm in UK-9,
indicating significant differences in the rooting ability
of the genotypes. Genotypes with longer roots, such
as UK-9, are particularly advantageous for cultivation
in drought-prone or low-moisture regions, as they
can access deeper soil moisture and nutrients. Short-
rooted genotypes like UK-25 may be better suited for
areas with high soil moisture or irrigated systems,
where extensive root systems are less critical. The

number of branches (NB) ranged from 2.27 in UK-1
to 5.81 in UK-10, highlighting substantial diversity
in branching patterns. High-branching genotypes,
such as UK-10, support better plant architecture
and increased foliage, leading to higher biomass
and seed production. Low-branching genotypes like
UK-1 may be utilized for focused studies on compact
growth habits or specific uses like intercropping
systems. These variations offer valuable traits for
selecting genotypes tailored to specific agronomic
practices or environmental conditions.

Table 3: Agronomic traits of 30 fenugreek (Trigonella foenum-graecum L.)
genotypes evaluated during the 2021-22 and 2022-23 growing seasons.

Genotype RL NB DTFF FHWH DHWH SYPH
UK-1 6.59 2.27 116.25 10.83 5.47 14.84
UK-2 5.47 3.89 118.25 8.62 5.04 15.54
UK-3 4.73 2.51 118.25 14.92 3.14 14.12
UK-4 5.68 4.32 102.25 18.58 3.78 18.68
UK-5 6.46 4.61 101.25 11.67 5.65 15.10
UK-6 4.61 2.67 98.91 14.05 6.79 17.96
UK-7 4.91 3.45 117.08 7.52 4.89 13.95
UK-8 5.00 2.34 96.91 11.72 4.99 13.84
UK-9 7.27 4.41 104.08 12.26 6.99 14.00
UK-10 4.67 5.81 95.58 11.89 7.29 13.88
UK-11 3.79 3.7 107.25 11.09 7.09 14.24
UK-12 4.08 3.54 103.91 15.12 8.88 21.17
UK-13 2.83 2.54 105.58 8.61 4.74 20.52
UK-14 5.04 3.74 97.25 7.89 5.41 13.85
UK-15 4.16 2.49 94.91 8.16 4.98 13.04
UK-16 4.60 3.01 91.91 8.08 6.17 12.97
UK-17 5.09 2.37 93.41 13.83 12.19 15.71
UK-18 5.70 5.19 120.25 23.77 11.57 20.33
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UK-19 3.48 2.97 107.25 7.15 4.76 13.88
UK-20 3.86 2.56 108.91 8.74 3.57 12.27
UK-21 5.77 2.97 113.25 7.36 4.03 12.15
UK-22 6.46 4.82 121.41 16.87 16.07 24.06
UK-23 6.35 5.12 120.91 20.50 12.27 21.93
UK-24 4.25 2.52 103.25 12.18 6.46 12.50
UK-25 2.57 2.76 114.25 9.85 3.01 12.48
UK-26 3.28 2.64 113.25 9.51 3.40 13.11
UK-27 4.67 2.26 111.58 7.74 4.83 12.74
UK-28 5.49 2.87 106.58 9.09 7.37 14.16
UK-29 3.41 2.76 111.25 10.53 5.09 17.58
UK-30 3.74 2.61 109.25 7.91 5.67 12.78
C.D. 0.79 0.44 1.631 2.067 0.64 1.28

SE(m) 0.28 0.15 0.575 0.728 0.226 0.452
C.V. 10.103 8142  0.926 10.93 6.113 5.072

RL - Root length (cm), NB - Number of branches per plant, DTFF - Days to first flowering,
FHWPH - Fresh herb weight per hectare (q), DHWH - Dry herb weight per hectare (q),
SYPH - Seed yield per hectare (q); The mean data are presented for the 2021-22 and
2022-23 growing seasons; CD - critical difference; SE - standard error; CV - coefficient

of variation.

Flowering and Maturation

DTFF showed a relatively narrow range, from
91.91 days in UK-16 to 121.41 days in UK-22.
Genotypes like UK-16, which flower early, are
particularly suitable for regions with short growing
seasons or areas prone to early frost, allowing the
crop to complete its lifecycle in a limited timeframe.
In contrast, late-flowering genotypes like UK-22 may
provide higher yields in regions with longer growing
seasons, as prolonged vegetative growth can lead
to greater biomass accumulation. The minimal
coefficient of variation (C.V.) for DTFF at 0.93%
suggests stable flowering behavior across trials.
This stability is crucial for synchronized flowering
in fenugreek cultivation, aiding in better crop
management and harvesting efficiency. Furthermore,
the observed variation in flowering time highlights
the potential for breeding programs to develop
genotypes with adaptable phenological traits,
ensuring resilience in diverse agro-climatic zones.

Yield Traits

FHWH exhibited a significant range across the
evaluated genotypes, from 7.15 kg in UK-19 to
23.77in UK-18, with an average of 15.46 and a
coefficient of variation (C.V.) of 10.93%. High-
yielding genotypes such as UK-18 (23.77), UK-20
(20.50), and UK-4 (18.58) demonstrated substantial

commercial potential for fresh herb production,
particularly in regions with high demand for culinary
and medicinal products. On the other hand, lower-
yielding genotypes like UK-19 (7.15), UK-25 (9.85),
and UK-14 (7.89) may find niche applications in
intercropping systems or smaller-scale farming
setups. The variation suggests an opportunity for
targeted breeding to improve this economically
significant trait further. DHWH displayed variability
from 3.01in UK-25 to 16.07 in UK-22, with a mean
of 10.34and a C.V. of 6.11%. Genotypes such as
UK-22 (16.07), UK-23 (12.27), and UK-18 (11.57)
stood out for their superior dry matter production,
making them ideal candidates for regions with water
constraints or for producing value-added products
like herbal teas and spices. In contrast, genotypes
like UK-25 (3.01), UK-21 (4.63), and UK-14 (5.41)
demonstrated limited performance, suggesting the
need for improvement in genetic traits or cultivation
practices. SYPH, a critical productivity measure,
varied notably from 12.15 in UK-21 to 24.06 in UK-
22, with an overall mean of 18.26and a low C.V. of
5.07%. High-yielding genotypes, including UK-22
(24.06), UK-18 (20.33), and UK-12 (21.17), showed
strong potential for enhancing seed production,
critical for meeting market demand and ensuring
sustainable cultivation. Lower-yielding genotypes,
such as UK-21 (12.15), UK-25 (12.48), and UK-14
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(13.85), indicate the need for strategic interventions
to optimize yield potential. In terms of percentage
contribution, approximately 40% of the genotypes
exhibited above-average yields in FHWH, DHWH,
and SYPH, emphasizing their multi-trait superiority.
Furthermore, genotypes such as UK-22 and UK-
18 consistently ranked among the top performers
across all yield traits, making them ideal for high-
value commercial applications.

Discussion

The morphological and agronomic traits of the 30
fenugreek genotypes showed significant variability,
providing strong evidence of their phenotypic
diversity and adaptability to the hilly regions of
Uttarakhand. Traits such as plant height (PH),
number of leaves (NL), and dry herb weight per
hectare (DHWH) exhibited notable variation, which
aligns with previous studies that have highlighted
genetic variability as a critical factor for the success
of breeding programs aimed at enhancing yield
and quality®'®" The diversity observed in these
traits not only reflects the adaptability of the
genotypes but also offers ample opportunities for
selective breeding, which can improve both yield
and quality in fenugreek cultivation under specific
environmental conditions. Plant height, a key trait for
biomass production, exhibited substantial variation,
ranging from 7.63 cm in UK-27 to 38.87 cm in
UK-18. This variability in plant height is consistent
with findings from earlier studies that suggested
genetic variance in plant stature correlates with
environmental adaptability and yield potential in
fenugreek.'' |In another study observers also
found that that variations in plant height could serve
as a measure of fenugreek's capacity to adapt to
different environments.™ The current study's results,
particularly the genotypes with taller plants, suggest
that these may be better suited for regions with
higher rainfall and soil fertility, where larger plants
can thrive. However, shorter genotypes, such as UK-
27, may be more suited to dense cropping systems
or areas with limited resources, where their compact
structure could offer higher yield per unit area without
the need for additional inputs. These observations
underline the need to explore the relationship
between plant height and other environmental
factors like altitude and temperature, which influence
plant growth patterns, especially in the Western
Himalayan region. Similarly, the number of leaves
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(NL) exhibited considerable variation among the
genotypes, ranging from 11.21 in UK-26 to 61.31 in
UK-4. The higher leaf count in specific genotypes
is likely indicative of increased photosynthetic
capacity, which can lead to enhanced growth and
biomass production. This finding is consistent with
a similar study, which demonstrated that a higher
leaf count correlates with increased plant vigor and
overall yield in fenugreek cultivated under similar
climatic conditions.® Thus, selecting genotypes with
a higher number of leaves may prove advantageous
in maximizing biomass production, particularly for
medicinal and aromatic applications of fenugreek,
where high photosynthetic efficiency is essential for
achieving the desired quality and quantity of yields.
The analysis of dry herb weight per hectare (DHWH)
revealed significant variability, ranging from 3.01 in
UK-25 to 16.07 in UK-22. High DHWH values are
crucial for identifying fenugreek genotypes with the
potential for higher yield and biomass production,
which is especially important for resource-limited
farmers in hilly regions. In the study, researchers
emphasized the strong correlation between DHWH
and overall yield, which supports the use of this trait
as a reliable indicator for selecting high-performing
fenugreek varieties.'® The genotypes with higher
DHWH also offer the potential for value-added
products, such as herbal teas, which are becoming
increasingly popular in global markets. By selecting
for high DHWH, farmers can optimize their yields
and tap into new market opportunities, particularly
in regions where medicinal and aromatic plant
products are in demand. Furthermore, the current
study highlights the genetic diversity present in
fenugreek genotypes from the Western Himalayas,
making it an excellent resource for future breeding
programs aimed at improving both agricultural
and medicinal production goals.""'® However, it is
important to consider the environmental limitations
of the study location. Factors such as soil conditions,
water availability, and other site-specific variables
likely influenced the expression of traits in the
genotypes. These environmental variables may not
be uniform across different regions, so the findings
from this study may not directly apply to other agro-
climatic conditions.’®?® Therefore, it is essential for
future studies to replicate this analysis in diverse
environmental settings to validate these results
and confirm the adaptability of these genotypes
to other areas. Additionally, the exploration of
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molecular markers associated with the observed
phenotypic diversity could provide more precise
selection criteria for breeding programs. The use of
molecular markers could enhance the efficiency of
fenugreek breeding, enabling breeders to select for
desirable traits with greater accuracy and speed.?!
Incorporating molecular tools into breeding programs
will allow for more targeted improvements in both
yield and quality, facilitating the development of
fenugreek varieties that are better suited to meet
the demands of both farmers and consumers.
Future research should focus on the integration of
phenotypic and molecular data to optimize breeding
strategies for fenugreek cultivation, particularly in the
challenging agro-ecological zones of the Western
Himalayas.?>23

Conclusion

This study highlights the significant genetic diversity
and adaptability among fenugreek genotypes
collected from different altitudes in Uttarakhand’s
hilly regions. The observed variability in traits such
as germination rate, plant height, leaf characteristics,
root length, branching, flowering time, and yield
potential demonstrates the potential for selecting
and breeding high-yielding, resilient cultivars suited
for the region's unique environmental conditions.
Genotypes like UK-23, UK-18, and UK-22 stand
out for their rapid germination, substantial biomass,
and high seed yield, indicating their suitability for
both herb and seed production under lower altitude
of western Himalayan region of Uttarakhand. The
early-flowering genotypes and those with robust root
systems further support the potential for cultivation
in diverse and water-scarce areas, enhancing
resilience against environmental stress. This study
thus provides a foundation for breeding programs
focused on improving fenugreek productivity and
economic sustainability, with broader implications for
meeting the rising demand for fenugreek in medicinal
and culinary markets, supporting local livelihoods,
and promoting sustainable agriculture in hilly areas
of Uttarakhand.
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