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Abstract

Salt is one of the biggest threats to sugarcane (Saccharum officinarum L.) farming globally because
millions of acres of farmland have salt issues that affect their production of sugarcane. Sugarcane as a
glycophyte (a plant that needs to grow in a freshwater environment) is at great risk from the ionic and
osmotic stresses associated with salinity, which reduce the amount of sugar cane produced and inhibit
the efficiency of photosynthesis. The solution to this serious problem is to develop a coordinated,
multi-pronged research program that integrates controlled in vitro screening, characterization of
salt-tolerant genotypes physiologically and biochemically, evaluation in the field, molecular omics, and
artificial intelligence-based decision support systems. This review highlights recent advances in these
areas. Salt-tolerant genotypes can be identified rapidly and in high-throughput form using in vitro
selection of callus and shoot tip cultures, temporary immersion bioreactor systems, and polyethylene
glycol-induced osmotic stress. Physiological and biochemical research has elucidated the major adaptive
mechanisms of sugarcane, which include osmotic adjustment, activation of antioxidant enzyme activity
(superoxide dismutase, catalase, and ascorbate peroxidase), ion homeostasis through the SOS pathway,
and the accumulation of compatible solutes such as proline. Through multi-location field trial data
evaluation (using the AMMI and GGE statistical models), stable high-yielding cultivars (such as CoG 7)
that are tolerant to salt have been identified. Molecular omic studies that employ genomics,
transcriptomics, proteomics, metabolomics, and GWAS data analyses along with genomic selection and
the CRISPR/Cas9 genome editing technique are being used to improve the accuracy of developing
salt-tolerant crops. Additionally, phenotyping and agricultural management in saline environments are
changing due to Technology advancements, such as Al, Machine Learning, and Remote Sensing. Finally,
the review identifies three primary translational gaps associated with Breeding Salt Tolerant Varieties
(disconnect between In vitro tolerance and Field performance, no standard phenotyping protocol, and
the complex polyploid Sugarcane Genome) and highlights Priority Areas for the development of
Climate-resilient high-yielding Salt Tolerant Varieties.

Keywords: Saccharum officinarum; salt tolerance; in vitro selection; genomic selection;
CRISPR/Cas9; precision agriculture

Introduction major source of feedstock for both bio-ethanol and
lignocellulosic biomass. Its importance to both food
security and to the transition to renewable energy
systems 1s well documented. Nevertheless,
deteriorating soil salinity, which is expected to

Sugarcane (Saccharum officinarum)
represents one of the most important C (carbon)4
crops on the globe with ~80% of the world’s total
sugar produced from it, as well as being used as a



119

1mpact over 800 million hectares of arable lands
by the year 2050, threatens sugarcane’s yields
globally, and more particularly gives cause for
concern in irrigated agro-ecosystems in South
Asia, Southeast-Asia and the Americas (14; 6).

Sugarcane i1s a glycophyte, making it very
susceptible to high levels of NaCl (Sodium
Chloride) and other salts found in the root zone.
Salt stress produces two types of physiological
damage: 1) Osmotic stress mimics drought
conditions because soil water potential 1is
decreased, limiting the ability of roots to take up
water; 2) Ionic toxicity is caused by the
accumulation of Na* and Cl~ ions, which
interfere with enzyme function, protein
conformation (structure), and overall metabolism
within the plant’s cells. The combined effects lead
to stunted growth, reduced leaf area, decreased
chlorophyll, reduced photosynthesis-related
productivity, and, finally, reduced cane and
sucrose production. (41; 66).

The process of developing salt-resistant
sugarcane varieties through traditional breeding
methods has been extremely difficult because of
the extreme complexity of the sugarcane genome;
its high degree of heterozygosity, its allopolyploid
and aneuploid genetics (with a genome size of
2N=100-130), as well as its high ploidy levels
(greater than 10x), in addition to low fertility and
long growth cycles, make it difficult to breed for
salt-tolerant sugarcane (81; 75). Moreover, the
complex nature of the sugarcane genome presents
several problems that impede the use of
conventional MAS/QTL mapping methodologies,
thus requiring collaborative approaches that
utilize molecular technologies, physiological
characterization, and sophisticated analysis are
needed to develop salt-tolerant varieties.

In light of the challenges associated with
sugarcane production, an overall research
approach to these problems has developed; and
includes: (1) in vitro selection methods to quickly
and precisely identify large quantities of plants;
(2) 1identification of the physiological and
biochemical basis of stress tolerance; (3)
multi-yr/multi-env field experimentation with
statistically sound design; (4) use of
molecular/omic and precision genomic analyses in
understanding the genetic architecture of species,
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and the development of predictive tools for
breeding; and (5) utilizing artificial intelligence
and digital decision-support systems to monitor
production and manage practices in real time. The
objective of this review 1s to evaluate recent
advances across each component of the five areas
listed above, review knowledge gaps and to outline
future research needs in order to develop
high-quality, climate-resilient sugarcane varieties
that are suited to saline environments.

Methodology

PRISMA'’s guidelines have been used to report
on how we used these principles to conduct a
systematic review of all available research
pertaining to this topic as they relate to systematic
reviews or meta-analyses. Thus, it provides a
framework to demonstrate our transparency and
ability to reliably identify literature related to the
above areas by having adherence to PRISMA’s
guidelines.

A systematic review of the scientific literature
was conducted using four online databases
(PubMed, Scopus, Web of Science, and Google
Scholar) covering the years from January 2018 to
2026. Articles were retrieved through the use of
Boolean operators (AND, OR), and keywords:
(sugarcane, Saccharum officinarum, salt stress,
salinity tolerance, in vitro selection, tissue culture,
genomic selection, genome-wide association study
(GWAS), CRISPR, transcriptomics, metabolomics,
field testing, artificial intelligence and machine
learning) were used as search terms to create the
search strings. For the purposes of providing an
evidence base of high quality and rigor, priority
was assigned to articles published in Q1 ranked
journals as indicated by SCImago Journal Rank
(SJR) and Journal Citation Reports (JCR).

Studies that qualified for inclusion were those
that examined the response of Saccharum spp. and
closely related species to salinity or sodium stress
using quantitative and validated experimental
methods. In addition to using these methods, they
must have reported an answer using one of three
approaches: cellular (or anatomical), physiological,
molecular, or agricultural. Studies conducted using
model organisms (Arabidopsis thaliana or Oryza
sativa) could only be included if the results
provided mechanistic information relevant to
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sugarcane. Literature reviews, meta-analyses,
and book chapters were included to help establish
context and concepts for the primary literature.
Two exclusion criteria were used to eliminate
studies from consideration: 1) studies presenting
only descriptive screening results without
mechanistic characterization; and 2) studies that
were based on unpublished sources (that is, gray
literature).

Study selection. Following the removal of
duplicates and the application of the eligibility
criteria, more than 120 primary research articles
and 30 review papers were assessed for relevance.
Of these, approximately 90 publications met the
inclusion criteria and were incorporated into the
present review.

Literature Review

In Vitro Physiological Approaches for Salt
Stress Screening
Tissue Culture and Callus-Based Screening Systems

In vitro selection 1is, therefore, an
indispensable tool for a harmonious and quick
identification of a reasonably tolerant sugarcane
genotype to salt. It is basically a callus established
from several types of explant sources like
immature leaf sheaths, young whorled leaves, and
shoot tips, growing in Murashige and Skoog (MS)

basal medium supplied with plant growth
regulators, wusually the synthetic auxin
2,4-dichlorophenoxyacetic  acid (2,4-D) at

concentrations of 1-3 mg/LL (Igbal et al., 2022;
Maruprolu et al., 2022; Chen et al., 2024). The
cultured callus is then exposed to graded
concentrations of NaCl (generally between 50-300
mM) or mannitol as osmotic stress agents so that
cell lines tolerant to osmotic stress can be selected
based on their respective growth and regeneration
potential along with biochemical markers (43; 77;
1).

Callus-based systems have the main
advantage of being able to test thousands of
explants at the same time in a controlled
environment with respect to stress which is a large
logistical ~ constraint and  subjected to
environmental variability when doing field tests.
Several studies have demonstrated that the rate of
callus growth or the efficiency of regeneration of
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callus from parent plant tissue under NaCl stress
strongly correlates to the salt tolerance of whole
plant phenotypes including but not limited to the
Thai sugarcane cultivar KK3 (43). Callus cultures
as well as shoot tip cultures have been used to
measure salinity tolerance for elite varieties in
relative terms by comparing the activities of three
antioxidant enzymes; superoxide dismutase
(SOD), catalase (CAT), and ascorbate peroxidase
(APX), between salt tolerant and susceptible
varieties (77). Shoot tip cultures provide a more
stable source of materials in comparison to
somaclonal variants regenerated through a callus
(Gagjar et al., 2022).

Advanced In Vitro Systems: Bioreactors and Osmotic
Stress Simulation

Temporary 1immersion bioreactor (TIB)
systems have made a major impact
methodologically on sugarcane in vitro research,
so that large-scale production may now be readily
accomplished while providing programmable
stress regimes. (47) demonstrated very strong
correlations between NaCl and mannitol
responses of sugarcane using TIB systems,
demonstrating the value of osmotic stress
surrogates and further establishing TIBs as
highly-reproducible, high-throughput platforms
for stress tolerance screening. PEG-induced
osmotic stress (using PEG-6000; 5-20% w/v) has
also been widely used to simulate drought and
salt-mediated water deficit conditions. The use of
PEG effectively lowers culture medium water
potential without direct ionic interference while
separating osmotic from ionic effect components
(Hernandez-Pérez et al., 2021; 68).

Nonetheless, in vitro systems are limited in
that cellular tolerances do not equate to field level
agronomic performance. The dynamic complexity
of interactions between soil, roots and the
microbiome; heterogeneous salinity gradients; and
stage-specific responses to stress cannot be
adequately simulated in in vitro culture systems
(47). This translational limitation highlights the
necessity for multi-step validation pipelines that
transition systematically from in vitro screening
through evaluation in greenhouses, onto multiple
locations of field trials, and include standardized
protocols for imposition of stress and
measurement of phenotypes.
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Physiological and Biochemical
Mechanisms of Salt Tolerance

Osmotic Stress, lonic Toxicity, and Primary
Stress Responses

In sugarcane, salt stress produces two distinct
phases of physiological response. During the first
phase, the osmotic phase, the accumulation of
solutes will produce an immediate vapour
pressure gradient, resulting in stomatal closure
through the action of abcisic acid (ABA), which will
reduce transpirational water loss but at the same
time restrict CO, influx and inhibit
photosynthesis carbon fixation (63).
High-intensity and long-term salinity results in
the ionic phase of stress, which results in excessive
accumulation of both Na* and Cl~ to toxic levels in
the plant’s shoot with harmful physiological
effects, including inhibition of enzyme activity,
disruption of protein structure, and the production
of reactive oxygen species (ROS) (41; 33).

There have been significant decreases in plant
height and other measurable morphological/
physiological impacts on sugarcane as a result of
the presence of salt stress; these include reduced
leaf area index, stem diameter, and internode
count (all of which together will ultimately
determine the final cane yield) (64).
Measurements of chlorophyll content by using
SPAD (Soil Plant Analysis Development) value
measurements has proven to be a reliable and
effective method to measure photosynthetic ability
and also indicate the level of saturation (or lack
thereof) determining the amount of salt stress
experienced by plant (43). Stress responses are
further compounded by the existence of both soil
salinity and drought conditions on sugarcane
plants as evidenced by the multiple stress
response responses exhibited by the Japanese
cultivar NiF8 (90). The combined effects of saline
irrigation resulted in multiple stress response
interactions between the two stressors that would
be expected, leading to further negative impacts on
growth and yield (44)

Adaptive Mechanisms: Osmotic Adjustment, lon
Homeostasis, and Antioxidant Defense

To mitigate damage from salinity, different
genotypes of sugarcane that can handle salty soil
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utilize multiple mechanisms that are completely
independent yet overlap considerably. Through
the synthesis and accumulation of compatible
solutes (mainly proline, glycine betaine and
soluble sugars), osmotic adjustment allows for
lower cellular osmotic potential without inhibiting
metabolic activities and keeps a suitable water
potential gradient between the cellular and
sub-state of the water table for ongoing root water
absorption (33). Osmoprotectants also stabilize
the structure of enzymes and maintain the
integrity of membranes during ionic stress
conditions.

The second major section of adaptive ability
describes ion homeostasis. Having favorable K* to
Na ™ ratios in the cytoplasm is essential to preserve
enzyme function and the electrochemical potential
at membranes (16; 88). In plants, the SOS (Salt
Overly Sensitive) signaling pathway, which
consists of the calcium sensor SOS3, the protein
kinase SOS2, and the Na*/H" antiporter SOS1
located at the plasma membrane, forms the main
active mechanism for Na* extrusion out of the cell
(32; 55). The vacuolar sequestration of Na* by
NHX-type Na“/H" antiporters provides an
additional ionic compartment in the cell, since
vacuolar Na™ can be used as a low-cost osmoticum
while protecting the cytoplasm from ionic toxicity
(33). Long-term salinity stress on subtropical
sugarcane varieties has shown substantial
variability in ionic homeostasis mechanisms and
will lead to a better understanding of physiological
mechanisms that will allow for improvement
through breeding (16).

The third crucial adaptive mechanism through
which organisms manage oxidative stress is
through the use of inducible antioxidant defense
systems. In response to salt stress, ROS are
produced in excess amounts, and as a result, SOD
(superoxide dismutase), CAT (catalase), APX
(ascorbate peroxidase), and glyoxalase III are all
upregulated in a coordinated manner. Glyoxalase
IIT i1s responsible for detoxifying the cytotoxic
compound methylglyoxal, which is produced under
stress conditions (77; 51; 57). Additionally, nitric
oxide (NO) acts as a multi-faceted signaling
molecule that regulates the expression of
antioxidant genes and works in conjunction with
phytohormones to provide enhanced protection
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from stressors (39; 76). Priming of seeds with
salicylic acid (SA) has been shown to effectively
pre-activate these defence mechanisms during
early stages of crop development, allowing for
improved establishment in saline environments
(5). Furthermore, exogenous application of abscisic
acid (ABA) to mature seedlings has been
demonstrated to regulate the activity of
antioxidant enzymes as well as the dynamics of
phytohormones, thereby enhancing water stress
tolerance (63).

Molecular Omics and
Marker-Assisted Selection

Genetic Architecture Dissection: QTL
Mapping and GWAS

The genetic area responsible for salt tolerance
1s the first step of the molecular breeding program.
Traditionally used to determine QLT sites from
biparental populations QLTS are typically located
using chromosomal regions associated with some
salt tolerance characteristic, such as the Na+/K+
ratio, relative water content (RWC) and cane yield
under saline conditions. The  statistical
significance of these chromosomal regions may be
determined using Logarithm of Odds (LLOD) scores
which are = 3.0 (61; Kumar et al., 2022). The
integration of bulk segregant RNA-Seq analysis
with high-density genetic mapping has provided
substantial improvements in the resolution of
QTLs associated with biotic stress traits in
sugarcane and can be used as a methodological
basis for identifying QTLs associated with abiotic
stress (21).

Genome-wide association studies (GWAS) are
a powerful tool for mapping the genetic basis of
complex traits because they take advantage of
historical recombination events that have
happened across multiple germplasm panels and
result in greater mapping resolution than
biparental QTL studies. GWAS has also been
successfully used to identify marker-trait
associations in traits directly related to sugarcane
juice quality and yield, which can provide us with
the methodological templates to perform GWAS
for salt tolerance (73; 87). It is important to note
that the genetic basis of salt tolerance can be
mechanistically divided into three
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partially-independent but complementary
components. The three components of salt

tolerance are: 1) Ion exclusion—the removal of Na™
from the xylem transpiration stream by HKT1;5
mediated transport; 11) tissue tolerance—the
sequestration of vacuolar Na® by NHXI-type
antiporters; 111) osmotic adjustment—the
accumulation of compatible solutes (26; 55). The
effective dissection of the genetic basis of any trait
must be achieved through trait-specific
phenotyping protocols that are capable of
distinguishing between the individual mechanistic
subcomponents that contribute to the trait rather
than treating salt tolerance as one large trait.
Multi-Omics Integration: Transcriptomics, Proteomics,
and Metabolomics

Multi-omics techniques can take the static
Nature of hereditary coordinates observed in QTL
mapping & GWAS and allow scientists to create
living & changing representations of these genetic
coordinates as they impact biological processes
and activity.This was shown by transcriptomic
analyses comparing the salt-tolerant (M4209)
mutant to its parental line (salt sensitive) which
showed a coordinated up-regulation of genes
associated with multiple processes necessary for
the plants’ survival in saline conditions, including
photosynthesis, ROS scavenging (peroxidases,
SODs), and ion homeostasis. The up-regulation of
transcriptional plasticity is a major contributor to
the higher cane yield produced by the M4209
mutant when compared to the parental line of
sugarcane when grown in saline conditions (32%
greater yield; 61).Comparative transcriptome
analysis of sugarcane and its wild relative
(Erianthus arundinaceus) identified candidate
genes and metabolic pathways that have been
previously identified in salt-responsive transcripts
and represent a major opportunity for
introgression into cultivated germplasm of
sugarcane (e.g. biosynthesis of compatible solutes
and ion transporters) (84).

Proteomics is wused to discover different
isoforms of proteins that are formed as a result of
stress with other post-translational modifications
that can’t be seen by simply observing mRNA
levels, as shown by (45). The results from both
transcriptome and proteome data have shed light
on how there are stress response factors that affect
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the synthesis of cell wall components, the energy
metabolism process, and chaperone production
(46; 52). Through the use of metabolomics,
scientists have been able to quantify biomolecules
such as osmolytes and antioxidants (which are
produced to combat cellular stress) as well as to
analyse primary metabolites that are created as a
consequence of cellular function, thus providing a
direct correlation to cellular stress (46; 52). Small
RNA analyses (including miRNA) have also
provided information regarding the
post-transcriptional regulation of gene expression
in response to oxidative stress in sugarcane (51).
The calcium sensor CBL/CIPK network has been
identified as a key regulatory pathway for
controlling ion transport and maintaining ionic
balance and homeostasis during abiotic stress
conditions (88).

The most effective method of analysis is the
combination of a genome-wide association study
(GWAS) with expression quantitative trait loci
(eQTL) analysis. GWAS identifies single
nucleotide polymorphisms (SNPs) that associate
with traits and determine if those SNPs affect gene
expression in distal or proximal regions. An
example of working with distal eQTLs is to show
that SNPs that impact transcription factors
regulate gene expression at distal locations. This
systems genetics approach has been successful for
salt tolerance research in maize and sorghum (11;
Chakma et al.,, 2021), and is being used with
increasing frequency in sugarcane using an
integrated transcriptomic/metabolomic approach
(39; 46).

Genomic Selection, Machine Learning, and Predictive
Breeding Models

Genomic selection (GS) has emerged as an
innovative technology that can provide rapid
genetic gain in sugarcane breeding programs with
complex genetics and polyploidy. GS models
exploit genome-wide SNP marker data to estimate
Genomic Breeding Values (GBV) of individual
sugarcane clones before excessive financial
investment has been made through multi-site
phenotypic evaluation. Therefore, GS allows for
the reduction of breeding cycles (49; Aswini et al.,
2023; 71). GS models using both Bayesian and
rrBLUP methodologies have been validated for
agronomic traits in the Louisiana sugarcane
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breeding program (72) and have enabled
tremendous reductions in generation intervals.
Additionally, genomic predictions of sugar content
and cane yield using 10,435 SNPs across 432
sugarcane clones established the feasibility of GS
in very complex, polyploid phenotypes (36).

Machine learning algorithms consistently
outperform linear statistical models when it comes
to describing non-additive genetics epistasis and
complex marker-trait associations. Multi-layer
perceptrons, deep learning neural networks have
provided more accurate predictions compared to
traditional best linear unbiased prediction (BLUP)
models for predicting genomic traits in sugarcane
(12). Hybrid  Bayesian-machine learning
approaches that wutilize both pedigree and
molecular data have been used successfully to
improve prediction accuracy of disease-resistance
traits for example sugarcane smut resistance (34).
These techniques can also be applied directly to
genomic predictions of salt tolerance. Brown
rust-resistant sugarcane genomic regions have
been identified using random forests and
materials that utilize support vector machines
(SVMs) to detect non-linear epistatic interactions
that would typically go undetected by the standard
linear methods (4).

Field Evaluation and Breeding Integration
Multi-Environment Field Trials and Statistical Models

Field evaluations under real-life saline
environmental conditions are still the best
measure of breeding progress towards some salt
tolerant crop species. Multi-environmental trials
will allow for the separation of true genetic
tolerance from phenotypic plasticity and will help
to quantify the genotype-by-environment (G x E)
interaction that will determine cultivar stability
across various saline agricultural systems (32).
Using controlled saline irrigation with various
electrical conductivity (EC) thresholds allows for
the systematic exposure of the germplasm to
defined salinity stress levels while providing
standardized, field-relevant phenotyping
conditions (41).

The new advanced biometric systems have
been used to identify genotypes that are stable and
salt tolerant. The AMMI model (Additive Main
Effects and Multiplicative Interactions) and GGE
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(Genotype + Genotype X Environment) biplot
analysis have been used to evaluate 24 different
sugarcane genotypes over 2 years of testing under
a range of levels of salinity stress and to
successfully identify stable high yielding cultivars,
such as CoG 7 (41). CoG 7 was commercially
released being a stable salt tolerant crop that had
better cane and sugar yield than any of the
standard check line varieties evaluated in
multiple Preliminary and Advanced Yield Trials
(82). The radiation induced mutant M4209 is
another remarkable success as it produced cane
yields that were 32% higher than that of its salt
sensitive parent under field saline conditions,
which was due to transcriptional reprogramming
and 1mproved photosynthesis, with the
mechanistic understanding also confirmed with
regard to combined heat and salt stress tolerance
(61; 62).

Evaluating the various phenotypes of a crop
includes looking at morpho-physiological features
(such as plant height, leaf area, stem diameter,
internode number, and SPAD measured
chlorophyll content), biochemical attributes (such
as proline levels and levels of activities of
antioxidant enzymes), ionic analyses of the Na™,
K", and K*/Na™ ratios of roots and shoots, and
also agronomic parameters such as yield of cane,
brix, pol, and CCS. It is important to conduct a full
multi-trait evaluation of plants, since the level of
tolerance to adverse environmental factors may
differ over the life cycle of a plant; this factor
should be taken into consideration when
developing screening protocols (66; 16).

Breeding Strategies: Conventional, Mutation,
and Molecular Approaches

Through systematic screening of cultivated
and wild sugarcane germplasm, conventional
breeding programmes have identified sugarcane
clones that tolerate salt stress. The G2005047
sugarcane clone was identified as having moderate
tolerance to several types of stress (red rot, shoot
borers, and salinity) while exhibiting high yielding
potential; therefore, this clone will serve as a
valuable genetic resource that is a multi-trait
tolerant clone. (82) Radiation-induced
mutagenesis (in particular) has resulted in many
new genetically variable sugarcane lines,
including the M4209 mutant line; this
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demonstrates that induced mutagenesis is an
effective  method for producing sugarcane
genotypes with different stress tolerated
phenotypes relatively quickly. (61; 9).

The implementation of transgene-free genome
editing using CRISPR/Cas9 has created
transformative  opportunities for precisely
modifying SOS, NHX and HKT ion transport genes
to improve salt tolerance (83; 22). By targeting the
MATRILINEAL gene to induce maternal haploids
in addition to providing a novel method for
developing rapid inbred lines in this naturally
outcrossing crop (27). Utilizing plant growth
promoting rhizobacteria (PGPR) and nitric oxide
will also provide biotechnological methods of
enhancing rootzone conditions and resilience
against abiotic stress when combined with genetic
improvement (76).

Artificial Intelligence and Digital Decision
Support Systems

Farmers and breeders alike are seeing a new
level of transformation in the precision cultivation
of sugarcane as a result of the adoption of artificial
intelligence and digital decision support systems
(DSS), which are based on data-driven
methodologies for monitoring, predicting, and
optimising sugarcane production under saline
conditions (85; 7). Modern DSS platforms that
incorporate  multi-sensor  remote  sensing
technology, machine learning analytics and real
time decision algorithms provide farmers and
breeders with actionable operational
recommendations.

Non-destructive, high-throughput monitoring
of canopy-level responses to stress using
vegetation indices—including NDVI, SAVI,
NDRE, and GNDVI—that indicates physiological
indicators of both plant health and severity of
stress can occur through remote sensing
technologies that utilize UAVs outfitted with RGB,
multispectral, and  hyperspectral sensors
(Vinayaka et al. 2024; 79). Additionally,
automated detection and classification of disease
symptoms and pest damage using convolutional
neural networks (CNNs) applied to field imagery
can detect symptoms and classifying plants
exposed to salt stress (38). Al-based genomic
prediction pipelines that utilize pedigree, genomic
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markers, and historical multi-environment
performance data will facilitate the accurate
prediction of progeny performance in target saline
environments, greatly reducing the amount of
time required for field evaluations (34; 19).

Utilizing IoT sensor networks combined with
machine learning algorithms to monitor soil
salinity levels, schedule irrigation, and deliver
nutrients optimizes agronomic inputs to decrease
the intensity of salt stress in real-time (24).
Generative artificial intelligence (GAI) and digital
twin technologies—virtual computational models
predicting an individual’s physiological response
based on process dynamics over time—are rapidly
becoming efficient modalities for optimizing
sugarcane production and processing decisions
(88; 67). Edge artificial intelligence (Al)
computing, which places processing capabilities at
the field level via sensors, will likely broaden the
reach of these technologies into areas where
resources are limited while providing quicker
decision-making capabilities (18).

Discussion

Critical Analysis of the In Vitro-to-Field
Translation Gap

In addition to the many advantages of in vitro
screening platforms, one challenge that is often
overlooked is that there is often a large difference
in  the cellular response that has been
demonstrated in an artificial culture system and
the performance shown in the in the field where
plants are grown. This challenge occurs for a
variety of reasons, such as (1) there is a constant,
uniform level of stress in an in vitro system,
whereas plants experience variable salt stress
levels in a field; (2) There is a huge difference
between levels of salt that are in an in vitro system
and levels of salt that occur naturally in the
environment; and (3) there is a lack of
understanding about how environmental factors
(temporal and spatial stress distributions) and the
microbiome, the soil and plant/root interact can
influence the response of plants to salinity (47; 32).

In addition, callus culture tolerance, which is
usually calculated wusing parameters like
surviving, growth rates and the expression of
biochemical markers at supraoptimal salt levels,
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may not be measured using the same mechanisms
as field level tolerance of the complete plant under
saline conditions. Therefore, osmotic
compensatory mechanisms that are efficiently
activated at the cellular level may not be sufficient
to support overall-plant level mechanisms where
long distance movement of ions, regulation of
stomata and architecture of roots provide
additional important dimensions to tolerance.
There is a need to standardize in vitro procedures;
such as specifying the electrical conductivity
threshold values at which stress is experienced
and how long the stress will last; the stage in the
growth of the plant at which to inflict the stress;
and which phentoypic characters will be evaluated
when compiling the data from various studies and
improving comparisons across studies and
increasing translational validity (32, 47).

Genomic Complexity as the Primary
Bottleneck in Molecular Breeding

The vast amount of available data searchable
on online resources shows that the sheer size and
complexity of sugarcane will eventually create
barriers to the successful use of molecular
breeding for generating salt tolerance in
sugarcane. Because there is no way to create
high-quality QTLs to effectively breed for salt
tolerant sugarcane, because of the great difficulty
in creating genetically linked, high-density, and
well-anchored genetic maps for sugarcane. The
recent release of a near-complete reference
genome sequence for the species of Saccharum
marks an important step towards removing the
“genomic black box” (Healey et al., 2023) and will
continue to create a barrier to identifying
impactful salt tolerance genes and functionally
validating these salt tolerance genes in sugarcane.

The functional validation of candidate genes,
including SOS1, NHX1, HKT1 homologues, and
P5CS, with the aid of reverse genetics
methodologies, such as applications  of
CRISPR/Cas9 for knockouts or overexpression,
can be challenging from a technical perspective
because of the presence of multiple (homeolog)
gene copies within wheat, which could potentially
result in functional redundancy and mask the
phenotypic effects of manipulating any one of
these genes (2; 22). Rapid advancements are being
made in the development of cost effective, high
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throughput SNP genotyping platforms
appropriate for large and heterogeneous breeding
population (54), however, there have been no
comprehensive  validations of polymorphic
diagnostic markers that maintain predictive
ability across a range of genetic backgrounds for
salt tolerance traits.

Research Gaps and Priority Areas

There are several major research gaps that
hinder rapid advancement on developing
salt-tolerant sugarcane varieties. The first major
gap 1s that there is no comprehensive database for
phenomics containing field-relevant physiological
characteristics, lonic characteristics and
agronomic traits measured across a multitude of
genotypes and environments. Without these
databases, it will be impossible to develop accurate
models for genetic selection (GS) and machine
learning to predict salt tolerance. The second
major research gap is that we do not know the
genetic basis of GxE interactions for salt tolerance,
which is essential for predicting how a particular
genotype will respond to various salinity levels in
diverse environments.

Third, while wild relatives of sugarcane,
particularly Erianthus/Tripidium arundinaceum
and Saccharum spontaneum, harbor substantial
genetic variation for abiotic stress tolerance, the
systematic mining and introgression of wild

species alleles into cultivated
backgrounds—combined with molecular
characterization of introgressed segments—

requires greater investment (84; 50). Fourth, the
potential of PGPR consortia and rhizosphere
engineering for enhancing salt tolerance in the
field has been demonstrated in principle but
requires large-scale, multi-location validation
before practical recommendations can be made
(76). Fifth, ethical, regulatory, and socioeconomic
dimensions of adopting CRISPR-edited sugarcane
varieties require comprehensive stakeholder
engagement and policy frameworks, particularly
in developing countries where smallholder
farmers are primary sugarcane producers.

Future Directions

A variety of transformative technologies will
converge to provide the Dbasis for future
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salt-tolerant sugarcane development. Long-read
sequencing technology (such as PacBio HiFi and
Oxford Nanopore Technologies) is providing us
with high-quality haplotype-resolved reference
genomes for multiple species within the
Saccharum genus and their wild relatives. The
resulting resources will dramatically increase
allele mining (the isolation and identification of
gene variations) and provide the structure(s)
needed to identify structural variation(s)
associated with salt tolerance (Healey et al., 2024).
They will also provide the genomic scaffolds
required to use CRISPR/Cas9 technology to
precisely target ion transport (e.g., SOS1, HKT1)
and osmolyte biosynthesis (e.g., P5CS) genes for
functional improvement (83; 22).

Automated, high-speed evaluation of how
much stress corn plants are under based on the
information from multiple remote sensors will be
possible when researchers combine UAV infrared
and hyperspectral reflectance with ground-truth
physiological indicators in order to develop
real-time, non-destructive measurements of
physiological responses to stress in large-scale
breeding populations. In conjunction with deep
learning-based image analysis and predictive
genomic modelling, plant breeders will be able to
quickly 1identify high-stability (high-yielding),
salt-tolerant (high-stability) corn genotypes in
each of the target production environments
(Amaresh et al., 2023; Vinayaka et al., 2023). Also,
by using Al models trained on multi-omic and field
performance datasets, the breeding cycle can be
further compressed through the ability to in silico
predict new genotype-environment combinations.

The potential to identify new ways that
regulation occurs in plants through the integration
of data from genome analyses (DNA),
transcriptome  (RNA), metabolome (small
molecules), and the phenome (observational
characteristics) has been greatly increased by the
use of single-cell RNA sequencing in combination
with spatial transcriptomics. By integrating
different types of data (genomic, transcriptomic,
proteomic, metabolomic) within a systems biology
framework to model how various networks
interact together, we will better understand the
mechanistic basis of plants’ ability to tolerate high
levels of salt in the environment and be able to
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create rationally designed multi-gene breeding
targets to improve tolerance. Another important
area for future research in this area is the
development of new  synthetic  biology
methodologies to modify the cellular environment
for sugarcane plants by engineering optimal
combinations of ion transporters, networks of
osmolyte  production, and  cascades  of
stress-signaling in order to increase sugarcane
yield on salt-affected soils.

The integration of Circular Bioeconomy is one
of the major ,"strategic priorities", if you will.
Growing salt tolerant types of sugarcane varietals
that produce well on saline marginal lands,-when
these lands are too poor to even think about
producing food,- offers an avenue of expanding the
production of feedstocks for bioenergy, without
taking the productive use of food-producing
land.To accomplish this goal, it will require a
complete integration of all the components of
producing and providing for next generation
sugarcane, i.e., Molecular Breeding technologies,
Advanced Phenotyping Tools, Al-based
Management Systems, as well as Policy
Environments that promote and foster Equitable
Development and Distribution (86; 25).

Conclusion

This paper summarizes findings from five
integrated areas of sugarcane salt tolerance
research: in vitroselections, physiological and
biochemical mechanisms, molecular omics and
marker-assisted breeding, multi-environmental
field trials, and Al-based precision management.
The major conclusions of this review are as follows:

While providing fast and high-throughput
initial identification of tolerant genotypes, in vitro
screening systems will not replace rigorous
physiological and field validation. More should be
done to develop standardizes protocols for stress
and phenotypic measures in order to enhance the
translational predictive capacity of in vitro
assessments. An overall understanding of osmotic
adjustment, ion homeostasis, and antioxidant
mechanisms will lead to viable targets for both
conventional and molecular breeding. Functional
characterization of the components of the SOS
pathway, the NHX antiporters, HKT transporters,
and the genes for biosynthesis of compatible
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solutes must be expedited for sugarcane-specific
environments.

The third major advancement is in the ability
to integrate transcriptomics, proteomics,
metabolomics, and GWAS into systems biology for
the purpose of advancing sugarcane salt tolerance
research from purely descriptive to mechanistic
and predictive. The fourth major advancement is
to exploit genomic selection combined with
machine learning algorithms to achieve
measurable genetic advances in complex polyploid
sugarcane; thus representing the greatest
immediate opportunity to accelerate precision
breeding for salt tolerance phenotypes. The
development of stable, widely adapted
salt-tolerant cultivars will be achieved through
multi-environment field trials employing AMMI
and GGE statistical methodologies; the successful
development and commercialization of CoG 7 is
representative of the translational pathway.

Finally, AI, remote sensing, and digital
decision-support systems have radically altered
the management of sugarcane in saline
environments, offering farmers real-time,
evidence-driven strategies for optimizing inputs,
thus alleviating stress impact. Sustainable
sugarcane production on salt-cursed lands in the
impending climate change era would be beholden
to the integration of these digital utilities with
innovations in genomic breeding. Providing both
pathways for this requires ongoing
multi-disciplinary collaborations, greater
Investments in research, plus enabling regulation
and policy frameworks to facilitate equitably the
deployment of advanced technologies for food
security and bioenergy sustainability on a global
scale.
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Abstract

An experiment was conducted during 2025 at the Department of Fruit Science, Chandra Shekhar
Azad University of Agriculture and Technology, Kanpur (U.P.), to assess in the enhancement of yield
and quality attributes of litchi through the foliar application of NAA, Boron, and Zinc Sulphate. Nine
treatments comprising two concentrations of NAA (40 and 60 ppm), three concentrations of boron (0.4,
0.6, and 0.8%), three concentrations of ZnSO, (0.6, 0.8, and 1.0%), and one control were evaluated in a
Randomised Block Design with three replications. Foliar sprays were done twice, once before flowering
and again at the pea stage of fruit development. Significant differences were observed among
treatments. NAA @ 40 ppm recorded highest fruit set (57.46%), lowest fruit drop (61.28%), and highest
fruit retention (33.82%). However, Boron @ 0.6% proved superior in improving fruit quality and yield by
recording minimum fruit cracking (7.95%), maximum fruit length (4.62 cm), fruit diameter (3.90 cm),
fruit weight (20.00 g), pulp weight (16.42 g), TSS (22.55 °Brix), total sugars (18.52%), vitamin C (25.36
mg/100 g), pulp: stone ratio (5.97) and fruit yield (25.31 kg plant 1), with minimum seed weight (2.75 g)
and titratable acidity (0.35%). Therefore, a foliar application of boron at 0.6% is recommended to improve
yield and quality of litchi cv. Dehradun under the plains of northern India.

Keywords: Litchi, NAA, Boron, ZnSQOy, fruit cracking, yield, quality.
Introduction productivity of about 6.1 t/ha (NHB, 2018-19).

Litchi (Litchi chinensis Sonn.) is a highly Litchi gultivar Dehr'adun is a late-season
valued subtropical evergreen fruit tree belonging CU1t1.V3r Wld?ly grown 1n Uttar Pradesh and
to the family Sapindaceae, originating in South Punjab, yielding approximately 80-90 kg of fruit
China and now widely cultivated across tropical Pe€r plant: Fr}lit gracking, a common physiolqgical
and subtropical regions worldwide. The fruit is disorder in litchi and other crops sugh as citrus,
prized for its attractive appearance, sweet taste, 8rapes, and pomegranate, can cause yield losses of
pleasant aroma, and translucent white aril, which UP to 50%, reduce marketability, and make fruits
is rich in carbohydrates, vitamins, organic acids, ™MOre prone to ins.ect and fungal attagks. Poor
and phytochemicals, including flavonoids, sterols, pollination, excessive fruit drop, and irregular

and phenolic compounds. India and China flowering further limit productivity under field

together account for nearly 90% of global litchi conditions.

production, with India ranking second. Among Plant bioregulators play a crucial role in
fruit crops in India, litchi ranks seventh in 1mproving fruit set, reducing pre-harvest fruit
cultivated area and ninth in total production, but drop, and enhancing overall fruit quality.
sixth in economic value, with a national average Naphthalene acetic acid (NAA), a synthetic auxin,
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delays abscission by inhibiting the physiological
breakdown of calcium pectate in the middle
lamella, thereby promoting fruit retention.
Application of NAA has also been reported to
reduce fruit acidity, increase ascorbic acid
concentration, and lower seed number (18).
Micronutrients such as zinc and boron are equally
important; zinc acts as a cofactor for key
metabolic enzymes and serves as a precursor for
indole-3-acetic acid (IAA) synthesis, while boron
deficiency leads to malformed flowers, reduced
fruit set, and poor fruit quality.

Materials and Methods

The experiment was conducted in 2025 in a
66-year-old litchi orchard of cv. Dehradun at the
Department of Fruit Science, C.S. Azad
University of Agriculture and Technology,
Kanpur, Uttar Pradesh. The experiment was laid
out in Randomized Block Design with nine
treatments and three replications. The nine
treatments viz., level of NAA(40, 60ppm), boron
(0.4,0.6 and 0.8%) and ZnSO04(0.6, 0.8 and 1%)
along with control. The recommended doses for all
treatments, including the control, were applied
using a sprayer with a very fine nozzle. The first
spray was done prior to blooming on 02/02/2025,
and the second spray was applied on 18/03/2025,
when the fruit was at the pea stage. The data
collected for various parameters during the
experimental period were subjected to statistical
analysis. Observations on fruit drop, fruit
retention, fruit set, and fruit cracking percentages
were recorded throughout the fruiting season. At
each harvest, fruit weight and yield per plant
were measured. Fruit length and width were
measured in five randomly selected fruits using a
vernier calliper and expressed in centimetres
(cm). Data regarding pulp weight, seed weight,
and pulp-to-seed ratio were also documented.
Total soluble solids (TSS) of the fruits were
determined using a hand refractometer, while
titratable acidity and total sugar content were
estimated according to the AOAC (1980)
standard procedures.
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Results and Discussion
Fruit set

The average number of fruits per panicle was
calculated by counting all tagged panicles in each
treatment to estimate fruit set. The foliar
treatment with NAA, Boron, and ZnSO4
significantly increased the fruit set % compared to
the control (Table 1). Plants treated with T1-NAA @
40 ppm had the highest fruit set (57.46%), closely
followed by Boron @ 0.6% (56.97%), ZnSO+ @ 0.6%
(56.95%), and Boron @ 0.8% (56.36%). The control
treatment (T9, water spray) showed the lowest fruit
set (52.96%). Higher fruit set with the application
of NAA might be due to the formation of sugars
from polysaccharides and a decrease in acid
content during the maturity and ripening period,
which are mostly affected by auxin; these metabolic
changes in the present investigation helped
improve fruit set. These results are consistent with
(12) in Ber, (4) in Guava, (17) in litchi, and (20) in
mango.

Fruit cracking

The percentage of cracked fruits was computed
after counting the total number of cracked fruits.
Foliar treatments with NAA, Boron, and ZnSO.
significantly reduced the percentage of fruit
cracking compared with the control (Table 1).
Plants treated with T4-Boron @ 0.6% showed the
least fruit cracking (7.95%), closely followed by
ZnS04 @ 0.6% (9.55%), NAA @ 40 ppm (10.31%),
and Boron @ 0.8% (11.21%). The control group (T9)
had the highest fruit cracking rate (18.84%). Boron
helps in strengthen the cell wall and maintain
membrane stability, improving peel elasticity and

reducing cracking. Zinc enhances enzymatic
activity, photosynthesis and tissue strength,
thereby improving fruit development and

minimizing pericarp rupture. NAA regulates cell
enlargement and water balance in fruits, thereby
helping to maintain fruit skin elasticity and
reducing the incidence of cracking. These results
are in conformity with the findings of (10) and (7)
in litchi
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Fruit drop and fruit retention

Fruit drop and retention were significantly
influenced by NAA application; the minimum fruit
drop (69.43%) and maximum fruit retention
(30.57%) were recorded with 40 ppm of NAA
during the investigation period (Table 1). The
maximum fruit drop (78.95%) and minimum fruit
retention (21.05%) were achieved in plants kept
under control (Tg). It is commonly known that
when auxin concentration rises, low fruit
production is caused by low auxin levels and a lack
of ultimate cell fracturing in the middle lamella or
near the abscission layer. By inhibiting the
enzymes that make pectin soluble, auxin
treatment of the fruits prevents these alterations
in the middle lamella, resulting in reduced fruit
drop and improved fruit retention. These findings
align with the results of (21), (22) in aonla, (14) in
Kinnow, (12) in ber, (11) in litchi, (4) in guava and
(16) 1n litchi.

Fruit Size (Length and width)

Fruit size, measured as length and width using
vernier callipers, was significantly influenced by
foliar applications of NAA, Boron, and ZnSO.
(Table 1). Plants treated with Boron @ 0.6% (T4)
recorded the maximum fruit length (4.72 ¢cm) and
width (3.98 cm), followed by ZnSOs @ 0.6% (Ts)
with fruit length (4.43 cm) and width (3.74 cm),
and NAA @ 40 ppm (T1) with fruit length (4.31 cm)
and width (3.62 cm). The minimum fruit length
(3.10 cm) and width (2.85 cm) were recorded in the
untreated control (T9). The improvement in fruit
size can be attributed to boron’s role in nitrogen
metabolism, cellular differentiation, and the
translocation of food materials from sources to
storage organs. Boron plays an important role in
nitrogen metabolism and brings about other
changes in fruits that may increase fruit size.
These results are in conformity with the findings
of (19) and (13) in aonla, and of (10) in litchi.

Fruit Weight

Foliar application of plant bio-regulators and
micro-nutrients significantly influenced fruit
weight. The maximum fruit weight was recorded
in plants treated with T4-Boron @ 0.6% (20.00 g),
followed by Ti-NAA @ 40 ppm (19.65 g) and
Ts-Boron @ 0.8% (18.41 g). The control treatment
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produced the lowest fruit weight (16.68 g) in Table
1. Application of zinc at a moderate concentration
increased fruit weight considerably, with higher
sugar accumulation and juice percentage in
zinc-treated  fruits. The present findings
corroborate the results reported by (17), (18), (9),
(5), and (10) in litchi.

Pulp Weight and Seed Weight

Significantly improved fruit pulp and reduced
seed weight were observed with foliar application
of plant bioregulators and micronutrients. Plants
treated with Ts+-Boron @ 0.6%recorded the
maximum pulp weight (20.73 g) and reduced seed
weight (2.75 g), followed by Ts-ZnSO4 @ 0.6% with
pulp weight (17.14 g) and seed weight (3.37 g), and
T1-NAA @ 40 ppm with pulp weight (18.14 g) and
seed weight (3.13 g). The minimum pulp weight
(11.36 g) and maximum seed weight (3.96 g) were
produced from the untreated control plants (Table
2). Reduced seed weight with increased pulp
weight indicates improved edible quality. The
present findings corroborate the results reported
by Dhua et al. (2005), (9), S, (10) in litchi, and (17)
and (20).

Rind Weight

All treatments significantly reduced rind
weight compared to the control. Plants treated
with Boron @ 0.6% (T4) recorded the lowest rind
weight (1.08 g), followed by Boron @ 0.8% (1.12 g),
NAA @ 40 ppm (1.12 g), and Boron @ 0.4% (1.50 g).
The highest rind weight (1.93 g) was recorded in
the control treatment (Ty) in Table 2. Consumers
and traders prefer a thinner rind with a higher
pulp proportion, and the present investigation
confirms that NAA, Boron, and ZnSOs can
favourably alter the partitioning of assimilates
between pericarp and pulp. These results are
consistent with those of (17) in litchi, (20) in
mango, and (10) in litchi.

Total Soluble Solids

Total soluble solid (T'SS) is one of the most
important quality parameters in litchi fruits and is
directly associated with sweetness and consumer
acceptability. The results revealed that foliar
application of NAA, Boron, and ZnSOusignificantly
increased TSS content compared to the control.
Plants treated with T4-Boron @ 0.6% recorded the
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highest TSS (19.97°Brix), followed by ZnSOs @
0.6% (19.41°Brix), NAA @ 40 ppm (18.15°Brix),
and Boron @ 0.8% (17.86°Brix). The lowest TSS
(17.61°Brix) was recorded under the control
treatment (To) in Table 2. Boron facilitates
carbohydrate metabolism and translocation of
sugars from source to sink, while zinc plays a vital
role in photosynthesis and enzyme activation,
thereby improving carbohydrate synthesis and
transport. The present findings corroborate the
results reported by (9), (5), (13), (7), Gupta et al.
(2022) in litchi, and (3).

Total Sugar

Total sugar content is a key factor of taste and
commercial acceptance in litchi. The results
revealed that foliar application of NAA, Boron, and
ZnSOg4significantly increased total sugar content
compared to the control. Plants treated with
T4-Boron @ 0.6% recorded the highest total sugar
(18.52%), followed by ZnSO+@ 0.6% (17.93%), NAA
@ 40 ppm (16.63%), and Boron @ 0.8% (16.31%).
The lowest total sugar content (15.98%) was
recorded under the control treatment (T9g) in Table
2. The present findings corroborate the results
reported by (18), (6), and (8) in litchi.

Titratable Acidity

Titratable acidity is an important quality
attribute that indicates the number of organic
acids present in the fruit pulp. Lower titratable

acidity in treated fruits generally reflects
improved ripening and better palatability.
Compared with the control, all treatments

significantly decreased titratable acidity when
applied foliarly. Plants treated with Ts-Boron @
0.6% had the lowest titratable acidity (0.35%),
followed by ZnSO+@ 0.6% (0.38%), NAA @ 40 ppm
(0.42%), and Boron @ 0.8% (0.45%). The control
treatment (T9) had the highest titratable acidity
(0.59%) among the treatments in Table 2. The
decline in acidity with increasing TSS and total
sugar reflects enhanced fruit maturity and
quality. The present findings corroborate the
results reported by (18), (5), (7), and (8) in litchi.

Vitamin C

Vitamin C content is an important nutritional
quality attribute in litchi fruits. All treatments
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considerably increased ascorbic acid content
compared to the control. Plants treated with
T4-Boron @ 0.6% had the highest ascorbic acid
content (25.36 mg/100g), followed by ZnSO+@ 0.6%
(24.77 mg/100g), NAA @ 40 ppm (24.27 mg/100g),
and Boron @ 0.8% (23.81 mg/100g). The control
treatment had the lowest ascorbic acid
concentration (20.42 mg/100g) in Table 2. The
application of NAA, along with micronutrients,
influences ascorbic acid content by altering
metabolic activities and antioxidant enzyme
functions in fruit tissues. Boron and zinc act as
essential cofactors for enzymatic reactions and can
promote synthesis and retention of ascorbic acid in
the fruit pulp. The present findings corroborate
the results of (18), (10), and (8) in litchi.

Fruit Yield

Fruit yield per plant is the final indicator of the
effectiveness and productivity of any orchard
management practice. Plants treated with
T4-Boron @ 0.6% had the highest fruit yield (25.31
kg/plant), followed by ZnSO. @ 0.6% (24.74
kg/plant), NAA @ 40 ppm (23.73 kg/plant), and
Boron @ 0.8% (23.39 kg/plant). The control
treatment produced the least amount of fruit
(19.85 kg/plant; Table 2). Boron favourably affects
photosynthesis, carbohydrate translocation, and
cellular division, while zinc promotes enzyme
activity, improves pollen fertility, and increases
fruit set. NAA helps reduce fruit drop and increase
fruit retention, thereby significantly improving
overall yield. The present findings corroborate the
results reported by (18), (5), (7), and (8) in litchi.

Pulp: Stone Ratio

The pulp-to-stone ratio 1s an important
parameter of edible quality in litchi. Plants treated
with T4 -Boron @ 0.6% had the highest pulp: stone
ratio (6.89), followed by Boron @ 0.8% (5.38), NAA
@ 40 ppm (5.08), and ZnSOs @ 0.6% (5.17). The
control treatment had the lowest pulp: stone ratio
(2.91) in Table 2. The enhancement in the pulp:
stone ratio may be attributed to the combined
effects of greater pulp development and reduced
seed growth, both influenced by boron and zinc in
assimilate distribution and by auxin-induced
parthenocarpic activity. The present findings
corroborate the results reported by (5) and (10).



Enhancement in Yield and Quality Attributes of Litchi through the Foliar Application of NAA, Boron and Zinc Sulphate

138

Table 1: Effect of foliar application of NAA, Boron and ZnS0O4 on fruit set, drop, retention,
cracking and physical fruit parameters in litchi cv. Dehradun.

Treatments Fruit set | Fruit Fr.uit Fruit length di::rlllti:er Fruit Pulp crzztglg
(%) drop (%) | retention (%) (cm) (cm) weight (g) [weight (g) (%)

T1-NAA @ 40 ppm 57.46 69.43 30.57 4.42 3.79 21.08 16.68 10.31
T2-NAA @ 60 ppm 54.09 73.31 26.69 4.29 3.67 20.34 15.87 12.57
T3-Boron @ 0.4% 53.95 74.37 25.63 4.26 3.65 19.61 15.01 13.61
T3-Boron @ 0.4% 53.95 74.37 25.63 4.26 3.65 19.61 15.01 13.61
T5-Boron @ 0.8% 56.36 72.48 27.52 4.38 3.74 20.97 16.04 11.21
T6-ZnS04 @ 0.6% 56.95 71.45 28.55 4.44 3.84 21.92 17.45 9.55

T7-ZnS0O4 @ 0.8% 53.41 75.82 24.18 4.18 3.60 18.98 14.91 14.39
T8-ZnS0O4 @ 1% 55.97 76.41 23.59 4.32 3.72 18.42 14.58 11.63
T9-Control (water spray) | 52.96 78.95 21.05 4.09 3.52 17.97 11.94 18.84
C.D. at 5% level 1.92 3.48 0.82 0.028 0.179 0.71 0.75 0.566
S.E. (m) 0.64 1.15 0.27 0.069 0.059 0.23 0.24 0.187

litchi ¢v. Dehradun

Table 2: Effect of foliar application of NAA, Boron and ZnSO4 on physico-chemical parameters of

Treatments §eed Bind TSS (“Brix) Total sugar Ti_tr:atable Vitamin C | Fruit yield Pulg: stone
weight (g) | weight (g) (%) acidity (%) | (mg/100) | (kg/plant) | ratio (%)
T1-NAA @ 40 ppm 3.28 1.12 18.15 16.63 0.42 24.27 23.73 5.08
T2-NAA @ 60 ppm 3.33 1.14 17.81 16.20 0.51 22.04 21.90 4.80
T3-Boron @ 0.4% 3.10 1.50 17.61 15.98 0.53 21.97 21.51 4.84
T4-Boron @ 0.6% 2.75 1.08 19.97 18.52 0.35 25.36 25.31 6.89
T5-Boron @ 0.8% 2.98 1.95 17.86 16.31 0.45 23.81 23.39 5.38
T6-ZnS0O4 @ 0.6% 3.37 1.10 19.41 17.93 0.38 24.77 24.74 5.17
T7-ZnS04 @ 0.8% 2.85 1.22 16.94 15.26 0.55 21.06 21.43 5.23
T8-ZnSO4 @ 1% 2.73 1.11 17.80 16.23 0.47 22.41 22.50 5.34
T9-Control (water spray) | 4.10 1.93 17.67 15.98 0.59 20.42 19.85 2.91
C.D. at 5% level 0.16 0.06 0.99 0.73 0.03 1.25 1.06 0.14
S.E. (m) 0.05 0.02 0.32 0.24 0.009 0.41 0.35 0.04

30

Fruit yield (kg/plant)

25

20

W

Treatments

Di v I . I v I . I : I T I . I : E
1 2 3 4 5 6 7 8 9
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Conclusion

From this experiment, it can be concluded that
foliar application of Boron significantly improved
fruiting, yield and quality attributes in litchi.
Spraying of Boron at 0.6% resulted in higher fruit
set (56.97%), increased fruit retention (29.82%),
along with maximum fruit length (4.62 cm) and
width (3.90 cm), fruit weight (22.78 g), pulp weight
(18.95 g), pulp: seed ratio (6.89), total soluble
solids (19.97°Brix), total sugars (18.52%) and
Vitamin C content (25.36 mg/100 g), with
minimum fruit cracking (7.95%), fruit drop
(70.18%), seed weight (2.75 g), rind weight (1.08 g)
and titratable acidity (0.35%) under plains of
northern India. These findings are in accordance
with the results, where Boron application at
comparable concentrations was found to be
beneficial for improving fruit retention and quality
constituents in litchi cv. Dehradun.
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Abstract

By introducing desirable traits into an existing genome while maintaining the plant's genetic
integrity, plant genetic engineering is an effective method for enhancing plants. The introduction of
valuable genes encoding traits like disease/insect resistance, herbicide tolerance, enhanced
nutritional/medical/commercial properties, improved uptake and utilization of growth agents, and many
more traits has been accomplished through the genetic modification of a wide variety of plant species.
For reasons discussed later in this chapter, the public's perception of genetically modified organisms
(GMOs) is currently negative. However, it remains to be seen whether the advantages of reduced
chemical use and improved nutritional aspects lead to a world with food security that is environmentally
sustainable. Genetic engineering is especially important because grape is very heterozygous and
standard breeding methods fail to produce true-to-type offspring. Grapes are also a commodity driven by
consumers, and novel varieties, particularly wine cultivars, have little market acceptance. In order to
produce indigenous genotypes with novel characteristics, technological breakthroughs like gene transfer
must be utilized because vegetative propagation leaves little room for development.

Introduction of the canes, which are woody, dormant shoots
with buds or "eyes" from which new growth
emerges after trimming. Euvitis has loose, peeling
bark, whereas Muscadinia has tight, non-shedding
bark. The leaves are irregularly toothed, glabrous
or tomentose, non-lobed, or three to seven-lobed.

The grape (Vitis sp.) is one of the most widely
grown commercial fruit crops worldwide in
temperate, subtropical, and tropical climates.
Grapes fall under the Vitaceae family, which
Einset and Pratt (1975) further subdivides into the L
Euvitis Planch. (2n=38) and Muscadinia Planch. Lp¢ leaf arrangement on the stalk is distichous,
(2n=40) subgenera. Over 60 species of commercial whereas tendrils can be continuous (opposite each

grapes belong to the genus Vitis, which is mostly leaf) or 1nte1.'n‘11ttent‘ .(oppos1te two adJacep t
. . leaves). In Euvitis, modified branches and tendrils
found in temperate regions of the Northern

Hemisphere and is nearly evenly distributed & bifid, whereas in Muscadinia, they are unifid.

between Asia and America. The majority of grape The' grapev ine's inflorescence is the cyme, a
varieties grown today are members of the species amcl.e with numerous branches. The tiny,
Vitis vinifera L., which originated in Eurasia and greenish l?looms are c.arrl‘ed by dgnse, elongated or
was introduced to the rest of the world by humans. short pamclgs. The dioecious Vitis plant became a
The grapevine liana is a climbing shrub with a hermaphrodl‘ge through spon.taneous mutathns
genus of deciduous and occasionally evergreen during evolution. Hermaphrodite flowers have five

shrubs. The trunk, a permanent stem, is made up sepals t}}a.t are partially fused (calyx), five petals
that are joined at the top (cap, calyptra, or corolla),
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five stamens, and a two-located pistil with a small
style and stigma. In many wild grapes, there are
still male and female blooms on separate vines.
The grapevine 1is classified as self-fertile,
self-sterile, and partially self-sterile based on the
reproductive organs' functionality. Berries,
pedicles, rachis, and peduncles make up the
clusters of fruit known as panicles. The fruit is a
berry that ranges in size from ovoid to globose.
They can be greenish, red, purple, blue, or bluish
black in color and have thick or thin skin. The
edible portion of the placenta and pericarp
frequently tastes good. Wild grapes have a
sweeter flavor than modern cultivars.

India has developed and made available a
number of commercially viable cultivars in
addition to numerous introduced varieties. These
cultivars include Tas-e-Ganesh and Pusa
Seedless, which are clonal selections of Thompson
Seedless, an introduced variety from the United
States. Grapes can be dried and turned into
raisins, juices, liquors like wine and champagne,
and eaten fresh, or they can be canned. Wine
accounts for approximately 70% of grape crop
production, while table grapes account for less
than 30%. Other significant industrial
applications for grape byproducts include the
production of ethanol, anthocyanin colors, and
grape seed oil. In their medical treatises titled,
renowned Indian medical philosophers Sasruta
and Charaka discuss the therapeutic benefits of
grapes. The "Sasruta Samhita" and "Charaka
Samhita" were written between 1356 and 1220
BC. Grapes and grape plants were valued by
Greek philosophers for their therapeutic
properties. European folklore used grapevine
leaves to treat hemorrhoid inflammation and
bleeding, while grapevine sap was used to treat
skin and eye conditions. Rough grapes and raisins
were used to treat TB, smallpox, cancer, illness,
and problems with the liver and kidney.
Resveratrol, a polyphenol found in red wines and
grapes, has recently been shown to prevent cancer
by causing human melanoma cells to undergo
apoptosis (Niles et al., 2003; Yang et al., 2001).
This is probably due to the antioxidant qualities it
possesses (Chanvitayapongs et al., 1997). Grape
seed extracts are now used in cosmetics due to
their anti-aging and anti-wrinkle properties.
Worldwide, 65,853,393 metric tons of grapes were
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produced in 2005. Italy, France, and Spain control
the world's grape and wine industries, respectively,
with 13.91, 10.92, and 8.84 percent of production.
These nations, each with more than a million
hectares of grapevines, produce more than half of
the world's wine. The United States is the
third-largest producer, accounting for 9.64 percent
of global production. According to FAO STAT, 2005,
China (8.56%) and Iran (4.21%) are the two largest
Asian producers.

According to FAO STAT, 2005, 60,000 hectares
of land in India produce approximately 1.6 million
tonnes of grapes annually, or 1.83 percent of global
production. According to Adsule et al. (2006), 78%
of this is used for food, 17%-20% is used to make
raisins, and 0.5 percent is used to make wine. Fig.
The key grape-growing states of India are depicted
in 1.1, along with their production, productivity,
and cultivation area. India has the highest
productivity in the world, with 20 tonnes per ha.
Despite the fact that the initial high cost of
vineyard development and ongoing costs are a
barrier to expanding the area under grape
cultivation, India has already entered the
profitable industry of wine production due to its
high net returns. Advanced production
technologies, forward-thinking entrepreneurship,
and easy access to institutional financing for the
crop from organizations like the National
Horticulture Board (NHB), the Agriculture and
Processed Food Products Export Development
Authority (APEDA), and the National Bank for
Agriculture and Rural Development (NABARD)
have helped establish the Pune, Nashik, and Sangli
districts in Maharashtra as major wine and
grape-growing regions. 90% of India's production is
exported, with the remainder going to South East
Asian nations, 8% to Europe, and 90% to the Gulf.
India has a lot of room to expand its export
potential, primarily as a result of its harvest season
and by concentrating on nearby South East Asian
nations. Cultivars that are suitable for both North
and South India are being grown due to the
differences in climate. Thompson Seedless is grown
for commercial purposes (Fig. 1.1. A) is practiced in
Maharashtra and Tamil Nadu. In recent years,
wine varieties like Sonaka, Manik Chaman, and
Sharad Seedless, as well as recently introduced
varieties like Flame Seedless, have gained
popularity in Maharashtra (Fig. 1.1. B) and the Red
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Globe The best places to grow Bangalore Blue and
Anab-e-Shahi, two enormous green-seeded table
grapes, are in Karnataka and Hyderabad,
respectively. All three, Perlette, Beauty Seedless,
and Pusa Seedless, have done well in North India.
Other widely grown varieties include Bhokri,
Cheema Sahebi, Gulabi, Tas-e-Ganesh, Arkavati,
Arka Kanchan, Arka Han, and Arka Shyam.
Nevertheless, market demand has prompted
cultivar diversity in these regions. Grape yield is
significantly influenced by both biotic and abiotic
stressors. Viticulture is a monoculture system
with a small number of genotypes that makes it
very easy for pests to get in.

Research Methodology

Collection and preparation of plant
materials

The collection and surface sterilization of plant
materials utilized in somatic embryogenesis and
embryo rescue research, respectively.

Inoculation

Cultures were inoculated in a Microfilter,
India, laminar airflow cabinet. The explants were
removed on sterile filter paper with sterile scalpels
and forceps that had been immersed in 96%
rectified spirit and flame sterilized prior to
inoculation. Similarly sterilized surgical blades
(No. 11 and No. 12) were used to remove the
explants. The number of explants used in each
replication, the number of replicates, and the
number of experimental repetitions is all covered
in the material and methods.

Culture conditions

Culture conditions differ for ovulation culture,
embryo culture, and somatic embryogenesis.
Ovule and rescued embryo cultures were typically
incubated at 25 + 2 oC, while somatic embryo
cultures were typically incubated at 28 + 0.5 oC, as
detailed in the materials and methods sections of
the corresponding chapters. Depending on the type
of tissue being cultured, the illumination varied.

Statistical analysis

Statistics were used to compare the results of
optimizing the parameters. The "F" test or arcsine
transformation and factorial analysis were
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utilized to determine the significance of the
treatments, and the completely randomized block
design method was used for the analysis of
variance. The means and standard deviations of
the data were calculated and evaluated using
Microsoft Excel.

Hardening of the plantlets

The in vitro plantlets were carefully removed
from the test tubes and gently cleaned with tap
water to get rid of the agar and media that were
sticking to the roots. They were rinsed with tap
water after being submerged for ten to fifteen
minutes in an aqueous solution containing 1% of
the systemic fungicide Bavistin® (BASF, India).
After that, the treated plantlets were placed in
plastic cups containing a soil-sand ratio of one to
one. These cups were first exposed to constant,
intense light at 25 + 2 oC in thin, transparent
polythene bags to harden. After two weeks, the
polythene bags were cut at the tops to gradually
expose the plants to the outside world. The plants
were moved to a greenhouse after four weeks, and
the plastic bags were completely removed.

Genetic Transformation

The materials and techniques utilized for
transformation mediated by Agrobacterium
tumefaciens.

Results and Discussion

Genetic engineering is a powerful method for
the development of plants because it preserves the
genetic identity of plants while simultaneously
introducing desired traits into an existing genome.
This field has made groundbreaking
advancements by introducing beneficial genes
coding for traits like disease/insect resistance,
herbicide  tolerance, 1improved nutritional,
medicinal, and commercial properties, improved
growth factor uptake, and many more through the
genetic modification of a variety of plant species.
Even though the general public has a negative
opinion of genetically modified organisms (GMOs)
for reasons discussed later in the chapter, it
remains to be seen whether the advantages of
fewer chemical uses and improved nutritional
aspects lead to a world that is sustainable in terms
of the environment and provides food security.
Genetic engineering is especially crucial for grapes
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because of their extreme heterozygosity and the
inability of conventional breeding methods to
produce true-to-type offspring. Additionally, new
cultivars, particularly wine cultivars, are not well
received by the market because grapes are a
commodity heavily influenced by consumers.
Technical advancements like gene transfer must
be utilized to produce native genotypes with
distinct  characteristics because vegetative
propagation leaves little room for improvement.
Utilizing Agrobacterium tumefaciens and GFP as
the reporter gene, the current study sought to
develop a Thompson Seedless transformation
strategy that was simple, quick, and efficient. The
experiment used new media (MPM) created by
Perrin et al. (2001, 2004), which had never
previously been utilized for grape transformation.
The objectives of the investigation were as follows:

1. Standardization of Agrobacterium-mediated
transformation in Thompson Seedless by
examining variables influencing temporary
transformation with GFP as a reporter gene.

2. Research on the elements influencing stable
transformation:

a. Acetosyringone (AS) and b. polyvinylpyrrolidone
(PVP)

b. Acetosyringone addition and the use of plant cells
in place of acetosyringone on Agrobacterium
growth and steady transformation, d. Callus kinds

3. Gene expression in altered cells and GFP-assisted

or kanamycin-assisted transformed tissue
selection (antibiotic-free selection).

4. Calli regeneration after transformation.

5. Using PCR and RT-PCR to -characterize

transformants molecularly.
Plant material

Embryogenic cultures (friable) of one callus
line of Riesling and two callus lines of Thompson
Seedless (1A and 2E) maintained on MPM1 media
were used in transformation studies. The
incubation conditions were 28 + 0.5 oC, complete
darkness, and 60 + 5% relative humidity for three
weeks. The calli were sub cultured on MPM1
medium for two days prior to co-cultivation with
Agrobacterium.
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Constructs and Agrobacterium strains

The strains of Agrobacterium tumefaciens that
were utilized for transformation studies were
C58pMP90, which contained the binary vector
pBINm-gfp5-ER, and C58pGV2260, which
contained the binary vector pBI121. Dr. kindly
provided these strains. Francis Karst, Colmar,
INRA The BamHI-Sstl fragment containing the
m-gfp5-ER gene has been replaced by the
BamHI-Sstl fragment containing the GUS gene in
the wvariant of the plasmid pBINm-gfp5-ER
(Jefferson et al., 1987) By ligating the CaMV-35S
promoter to the HindIII and BamHI sites of
pBI101, the coding region of GUS is fused to the 5'
end of the nopaline synthase polyadenylation site,
resulting in the pBI121 plasmid (Jefferson et al.,
1987). The m-gfp5-ER gene was cloned into
pBI121 between the Sacl and BamHI sites for
plant transformation (Haselhoff et al., 1997).
Plants acquire resistance to kanamycin from
either vector. C58pMP90 and
C58pGV2260/pBI121 are referred to as bacteria
"A" and "B" in the study for ease of use.

General transformation procedure followed

For (C58pGV2260, the bacteria were
maintained on YEB (Yeast Extract Broth) solid
medium with 50 mgl-1 of rifampicin and
kanamycin, and for C58pMP90, gentamycin (20
mgL-1). On an orbital shaker, the bacteria were
grown for an entire night in antibiotic-containing
YEB+MgSO04 (10 M) at 28 °C and 200 rpm. After
measuring the optical density (OD), the leftover
culture was centrifuged for ten minutes at 5000
rpm before being resuspended in fresh YEB
containing MgSO4 and antibiotics. Acetosyringone
(3',5'-Dimethyoxy-4'-hydroxy-acetophenone;
Fluka, Switzerland) (AS) was added to the media,
and it was shaken for two more hours at 28 oC and
200 rpm (extended culture). The culture was
resuspended in MPM1 liquid medium after being
centrifuged for ten minutes at 5000 rpm for two
hours to achieve the required OD600 of 0.3 to 2.0
for inoculating calli. The process is presented in
tabular form for simplicity.
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Table -1. General protocol used for
transformation
Steps Culture conditions

Pre-culture YEB + RK + G, 28 oC, 48 hours

Culture YEB + RK + G, 28 oC, 24 hours

Extended YEB + RK + G + AS 100 uM, 28 oC, 2 hours

culture with

AS

Co- MPM1 solid + AS 100 uM + 0.5 % PVP, 20

cultivation oG, 4 days, dark, high humidity

MPM1 liquid + Cefotaxime 600 mgL-1 + 0.5
% PVP

Washing and
sub culturing

Selection MPM1 solid + Cefotaxime 600-100 mgL-1 +
Kanamycin 25 mgl.-1
Regeneration MPM-based or WPM + Cefotaxime 100-200

mgl-1 + Kanamycin 25 mgL-1

Table -2. Treatments imposed to study the
influence of Acetosyringone and plant cells
added to liquid culture of Agrobacteria on
changes in OD

Treatments Treatment Code Number
Acetosyri  Plant cells C58pMP9 C58pGV2 YEB
ngone 0 260 (Control)
- - 1 5 9
+ - 2 6 10
- + 3 7 11
+ + 4 8 12

Factors affecting transient transformation

The effects of co-cultivation on MPM1 or
MPM1+AS medium, bacterial strains,
co-cultivation techniques like inoculating calli
with a drop of bacterial suspension or creating a
suspension of calli with bacterial cells, and
co-cultivation at OD600 0.3, 0.6, and 2.0 were
evaluated in a variety of experiments to determine
the factors that influence transitory
transformation. At the two transformation
temperatures, only bacteria B and MPM1 media
were used in the pretreatment of calli. The
remaining tests utilized both microorganisms. In
the drop approach, a 6 uL. drop of bacterial solution
was used to inoculate the calli (50 pL. PCV each).
The calli were homogenized with suspension using
the alternative approach (the soup method for
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convenience), which involved putting them on a
gyratory shaker for 10 minutes, letting them
settle, blotting them on filter paper, and then
depositing them on MPM1 or MPM1+AS (100 uM)
medium. The best transient expression research
treatments were then used in stable
transformation experiments. At least twice were
carried out on each experiment.

Factors affecting stable transformation

A number of parameters' effects on stable
transformation were examined. During and after
co-cultivation, these included: (1) decreasing
necrosis by adding PVP to MPM1 liquid/solid
medium; (2) extending the culture period by
adding or removing AS from YEB; (3) substituting
AS by adding grape plant cells to YEB; and (4)
callus types influencing transformation efficiency.
In the beginning, a microbiology reader known as
Bioscreen C was used to examine agrobacterium
growth curves in order to ascertain whether
acetosyringone or plant cells had an effect on the
bacteria. 1.05 of Research Express At least twice
were carried out on each experiment.

Experiments with microbiology reader
Bioscreen C to study Agrobacterium growth

In order to investigate the effect that AS and
plant cells have on the growth curves of the
Agrobacteria that were used in the study, optical
densities of the bacteria were measured using
Bioscreen C, a microbiology incubator, and a
culture growth monitoring device (OD reader)
controlled by Research Express v.1.05 software
(Transgalactic Ltd., Finland). The Microsoft Excel
package performed the analysis automatically.
C58pMP90 and C58pGV2260 were grown
overnight for transformation experiments. YEB
was given a 10 mL suspension of antibiotics and
AS 100 mM if necessary the following day.

A 400 L volume of the suspension was pipetted
into a sterile, covered 100-well honeycomb plate.
Wells received 10 L PCV of TS line 1A's EC as
needed. Each time, the experiment was repeated
three times. In the Bioscreen C workstation, the
ODs were set to be measured every hour at 600 nm
for 40 hours while the plates were immediately
incubated at 28 0C. The program Microsoft Excel
was used to analyze the data.
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Co-cultivation and subculture

The treated calli on MPM1 or MPM1+AS were
infiltrated by vacuum at 700 mbar for ten minutes.
Untreated calli and tobacco cv served as the
negative controls in all tests. As the positive
control, properly treated SR1 seedlings were used.
Similar to the treated calli, these seedlings were
vacuum-sealed. Co-cultivation was incubated for
four days at 20 °C with high humidity in the dark.

Tissue necrosis, bacterial growth, and GFP
expression were observed four days later.
Cefotaxime (Cef), 600 mglL-1, was added following
a wash with MPM1 liquid medium. In accordance
with the requirements of the experiment, 0.5
percent PVP40 was added to the wash solution.
Most of the time, calli were only cleaned once, but
if more bacteria were growing, it was cleaned
again. To determine whether transformants could
be chosen based alone on GFP fluorescence, the
calli were blotted dry and put in MPM1 medium
(~100 pLi PCV each) supplemented with Cef 600
mgL-1 with or without kanamycin 25 mglL-1. The
dose-kill curve for kanamycin was previously
calculated in the laboratory. Throughout the three
weeks that the calli were cultured at 28 oC in the
dark, GFP expression was periodically monitored.
The data from each experimental iteration were
used to calculate the means and standard
deviation.

Selection and regeneration

The entire calli, whether necrotic or growing,
were harvested after three weeks and subcultured
on MPM1 medium supplemented with either 25
mgL-1 of kanamycin or 400 mgL-1 of cef. On calli,
GFP expression was observed on occasion. On
MPM1 medium supplemented with either
kanamycin or a lower Cef dosage (300 mgL-1) after
three weeks, only callus sectors with fluorescence
were selected and cultivated. The Cef
concentration was decreased to 200 mgl-1 so that
additional fluorescent calli subcultures could be
supported. For long-term maintenance, the calli
were subcultured in MPM1 medium with or
without Cef 100 mgl-1, and kanamycin was
completely removed from the medium. The
Incubation conditions, unless otherwise specified,
were 28 oC in the dark. The regeneration
procedure utilized for transformed calli was
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identical to that outlined in Chapter 4, Section 4.2,
Materials and Methods, with the exception of the
conversion into plantlets. Calli were subcultured
for three weeks on MPM2 + Cef 200 mgL-1, either
with or without kanamycin 25 mgl-1, depending
on the duration of the subculture. After three
weeks, Calli were transferred to MPM4 with Cef
100 mgl-1 and kanamycin 25 mgL-1. Calli were
spread out on the medium with a spatula. The
embryos were placed in antibiotic-free Woody
Plant Medium (WPM) + BA 1 mM and incubated
for 16 hours at 28 °C during the day and night to
develop into plantlets. After germination and the
development of the shoot, the plantlets were
transferred to tubes containing WPM + BA 1 mM
and cefotaxime 100 mgl-1. The plants had
hardened, as mentioned earlier.

Fluorescence microscopy

To observe the expression of green fluorescent
protein in calli, embryos, and developing plantlets,
a Nikon SMZ 1500 microscope was illuminated by
a Nikon UV lamp and passed through a Nikon
filter set with a 465-495 nm band pass excitation
filter, a 505 nm dichroic mirror, and a 515+555 nm
band pass barrier filter. Photographs were taken
with a microscope-connected Nikon 4.1 mega pixel
digital camera.

Molecular Analyses
Polymerase chain reaction (PCR)

DNA from the alleged transformed tissues was
extracted with either the DNeasy Plant mini kit or
the Sigma GenEluteTM Plant Genomic DNA
miniprep kit, and it was examined for 30 minutes
on 1.2% agarose gels in TAE 0.5% at 100 V. PCR
analysis was used for the detection of the GFP and
nptll genes. The coding region of the GFP gene
was examined with the forward primer
5'-TCC-TAT-CAT-TAT-CCT-CGG-CCG-AAT-TC-3
" and the reverse primer 5'-GAT-TGT-GTG-GAC-
AGG-TAA-TGG-TTG-TC-3'. On the other hand,
the nptll gene was examined with the reverse
primer 5'-ATC-GGG-AGC-GGC- Denaturation at
95 °C for 5 min, 40 cycles of 95 °C for 45 sec, 62 °C
for 45 sec, annealing and elongation at 72 °C for 1
min, and final elongation at 72 °C for 10 min were
used to amplify 50 ng to 100 ng of template DNA in
a 25 L reaction. Untransformed calli DNA samples
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served as the negative control, while transformed
Portan (GFP+) and pNPTII +ve or S49 (transgenic
St. George transformed GUS and nptll were
utilized as positive controls for the GFP and nptIl
genes. On a 1.2% agarose gel, the 638 and 700 bp
fragments of GFP and NPTII were amplified using
a Mupid® electrophoresis apparatus
(Eurogentech, Liege, Belgium). After that, they
were examined in a Geldoc that was controlled by
Molecular Analyst® software and stained with
ethidium bromide.

Reverse-transcription polymerase chain
reaction (RT-PCR)

Total RNA was extracted using the Qiagen
RNeasy® mini kit, and a Nanodrop® ND 1000
spectrophotometer was used to measure the
amount of RNA wusing the Nanodrop 3.0.1
software. DNase was used to digest approximately
1 gof RNAon a 1.2% agarose gel. In a 101 reaction,
the primers 5-GAT-TGT-GTG-GAC-AGG-TAA-
TGG-TTG-TC-3' (reverse) were used to generate
cDNA for the first strand from 1 g of RNA. Each
reaction received one microliter of Superscript II®
reverse transcriptase from Invitrogen. The
positive control was run with the code for the
housekeeping gene 18S-rna, the primer
5-TCT-AAG-GGC-ATC-ACA-GAC-CTG-TTA-TT
G-3'. A Techne PHC3 thermocycler was used in an
early  transcription  process. The  final
amplification was carried out in a 25-L reaction
with 0.5 or 1 L of cDNA, 10 mM of each dNTP, 0.25
mM of each specific primer, 0.25 units of Taq
polymerase, 1X buffer, and MgCl2. The identical
conditions as for PCR applied to the amplification.
The amplified products were displayed on a Geldoc
using Molecular Analyst® software following
electrophoresis on a 1.2% gel and ethidium
bromide staining.

Conclusion
We investigated a wide range of
transformation-influencing factors. Calli were

incubated at 42 oC for 30 minutes prior to
co-cultivation, resulting in tissue browning rather
than transformation in MPM1 media. For GFP
analysis, creating a suspension of plant cells using
Agrobacterium was more beneficial and successful
than inoculating the calli with a drop of bacterial
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suspension. The optical densities (OD600) of the
bacterial suspensions of 0.3, 0.6, and 2.0 did not
impede transformation. Calli showed less or no
browning at OD600 0.3, as opposed to higher
browning levels at 0.6 and 2.0. OD600 0.3 was
utilized for the investigation of additional factors
because all three ODs produced identical
transformation efficacies. During and after
co-cultivation, PVP addition reduced stable
transformation efficiency and transient GFP
expression, but it had no effect on necrosis. The
expression of GFP in modified calli was also
reduced when they were subculturing on
PVP-containing media. However, the stable
transformation numbers increased when AS and
PVP were incorporated into the culturing medium.
The bacterial growth was slowed down and the
final transformation efficiency was lower when AS
was added to the bacterial culture medium (YEB)
for two hours of extended culture. This is evident
from the bacterial growth curves and variations in
ODs obtained with Bioscreen C. However, the
addition of AS was absolutely necessary during the
co-cultivation process. Plant cells were added to
the bacterial culture medium in place of AS to
boost Agrobacterium growth. Plant cell growth
was also improved when AS was introduced.
Stable transformation efficiencies were increased
when plant cells were added to Agrobacterium
culture medium alone or in conjunction with AS.
Kanamycin caused tissue necrosis, especially in
Riesling and Thompson Seedless callus line 2E.
Additionally, it prevented the regrowth of
Thompson Seedless callus line 1A embryos. Tissue
necrosis was significantly reduced as a result of an
antibiotic-free selection strategy. Transgenic calli
can be selected and tracked using GFP expression.
Regeneration also improved on a medium devoid of
kanamycin. We were able to follow transgenic
expression from the callus to the plant stage
thanks to GFP expression. In a proembryogenic
condition, regular subculturing on MPM1 medium
maintained the preferred growth of converted
calluses, which frequently differentiated into
embryos as required. Molecular studies revealed
that there were few escapes or chimeric embryos
after the propagation strategy and when
transgenic lines were selected visually without
antibiotic selection. The two Thompson Seedless
callus lines 1A and 2E reacted differently to
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transformation and plant regeneration because of
their varied cell types.

Using MPM-based media, we gained a deeper
understanding of the wvarious aspects of gene
transfer. GFP's successful use as the sole reporter
gene demonstrated that antibiotic or herbicide
markers are no longer required for grapevine
genetic transformation. Improved transformation
efficiencies  were  achieved by inducing
Agrobacterium vir genes using plant cells, which
we have not yet observed in any plant genetic
engineering literature. Together with a
transformation system that is tailored to the
requirements of each genotype, these findings
have the potential to further enhance
transformation and regeneration while also
providing a deeper comprehension of the intricate
connections that exist between plants and
Agrobacterium.
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Abstract

Fruit yield in cucumber (Cucumis sativus L.) is a composite trait shaped jointly by numerous
morphological, floral and fruit-related components, and this study was undertaken to resolve how these
components act on yield, both directly and through one another, as part of a broader programme
characterizing cucumber germplasm through tools. Phenotypic and genotypic correlations of thirteen
component characters with fruit yield per hectare were decomposed into direct and indirect path
coefficients following the standard path-analysis framework. At the phenotypic level, days taken to first
female flower opening emerged as the strongest positive direct determinant of yield, trailed by seed
number per fruit, fruit length, plot-level fruit yield, individual fruit weight, vine length and
harvest-duration. Fruit length showed the strongest overall phenotypic correlation with yield, with vine
length, fruit weight and plot yield following closely behind. At the genotypic level, plot-level fruit yield
contributed the largest direct effect, ahead of fruit number per vine, timing of male-flower initiation and
days to first harvest. Fruit length again showed the highest genotypic correlation with yield despite
carrying a negative direct path coefficient, indicating the influence on productivity is transmitted almost
entirely through other traits, chiefly plot yield and fruit number. Residual, unexplained variation stood
at 0.311 for the phenotypic model and a comparatively small 0.0184 for the genotypic model. Together,
the findings point to fruit number per vine, fruit length, fruit weight, fruit diameter and vine length are
the vital traits when selecting high-yielding cucumber lines, to guide the choice of genetically distinct,
agronomically superior parents.

Keywords: Cucumber, fruit yield, direct effect, indirect effect, path coefficient.
Introduction

Cucumber (Cucumis sativus L.) ranks among

traits. Research  combining morphological
observation with molecular marker analysis has

the more widely grown cucurbit vegetables,
cultivated across tropical, subtropical and
temperate zones for its tender, edible fruits. The
crop displays wide-ranging variability in growth
habit, flowering pattern, and fruit size, shape,
colour and yield, and this pool of variability
constitutes a valuable genetic resource for
breeding programmes aimed at improving
productivity and other horticulturally important

repeatedly confirmed rich genetic diversity within
cucumber germplasm collections, and such
combined data are wuseful for pinpointing
genetically distinct parental material for crop
improvement (7; 8).

Because fruit yield is a quantitative trait
shaped jointly by numerous component
characters, breeding purely on the basis of yield
itself 1s not always efficient, given that the
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underlying component traits are interlinked and
can affect productivity both directly and
indirectly. Simple correlation coefficients reveal
how strongly and in what direction two characters
move together, but they cannot on their own
distinguish a trait's direct influence on yield from
an association arising indirectly through some
other trait.

Path coefficient analysis addresses this
limitation by mathematically separating a
correlation coefficient into its direct and indirect
components. The technique, originally formulated
by (11) and subsequently adapted for
crop-improvement research by (1), remains a
standard tool for judging which yield-component
traits merit the greatest selection emphasis.
Dewey and Lu showed that this decomposition
uncovers relationships that plain correlation
analysis would leave obscured.

Earlier path-analytic work in has consistently
implicated fruit number per plant, fruit weight,
fruit length, fruit diameter, vine length and
various maturity-related traits carry meaningful
direct or indirect weight in determining fruit yield
(2; 5; 10).

Against this background, the present study
set out to work out phenotypic and genotypic path
coefficients linking key morphological traits to
fruit yield per hectare in cucumber, with the
broader aim of flagging the traits best suited for
selecting high-yielding, genetically diverse
genotypes.

Materials and Methods

This work formed one strand of a larger thesis
project titled “Genetic Diversity Analysis on
Cucumber Using Morphological and Molecular
Markers.” The plant material comprised a set of
cucumber genotypes that were evaluated for a
range of morphological, floral, fruit-related and
yield traits.

Fourteen characters were recorded for the
path analysis: days to 50% germination, days to
first male flower opening, days to first female
flower opening, vine length (cm), branch number
per vine, fruit number per vine, seed number per
fruit, fruit diameter (cm), fruit length (cm), fruit
weight (g), days to first harvest, duration of the
harvest period, fruit yield per plot (kg) and fruit

Jahnavi Palet. al

yield per hectare (q).

Fruit yield per hectare was treated as the
dependent variable, and the remaining thirteen
traits served as independent variables. Phenotypic
and genotypic correlation coefficients between
these traits were partitioned into direct and
indirect components following the pathcoefficient
procedure originally described by (11) and later
adapted for crop trait analysis by (1).

In the resulting path matrices, diagonal entries
represent a character's direct effect on fruit yield
per hectare, while off-diagonal entries capture its
indirect effects transmitted through the other
traits. A residual value was also calculated to
reflect the share of variation attributable to factors
outside the model. Correlation coefficients were
tested for statistical significance at the 5% and 1%
probability levels.

This morphological path analysis represented
only one part of the overall diversity assessment;
molecular marker data were analyzed separately to
estimate genetic relatedness among genotypes and
were not incorporated into the morphological path
model.

Results and Discussion

Substantial differences emerged in both the
magnitude and sign of direct and indirect effects
contributed by the various traits to fruit yield per
hectare, whether examined at the phenotypic or the
genotypic level.

At the phenotypic level, days to first female
flower appearance produced the largest positive
direct effect on yield (0.3576). This was followed, in
descending order, by seed number per fruit
(0.3283), fruit length (0.2334), plot yield (0.2036),
fruit weight (0.1519), vine length (0.1440), harvest
duration (0.1372) and fruit number per vine
(0.0302). Negative direct effects were recorded for
days to 50% germination (-0.1539), branch number
per vine (-0.1444), days to first male flower
appearance (-0.1196), fruit diameter (-0.0826) and
days to first harvest (-0.0236).

Fruit length showed the strongest and most
highly significant phenotypic correlation with yield
(0.622). Its direct effect (0.2334) was reinforced by

positive indirect contributions channeled through
seed number per fruit (0.1220), plot yield (0.1093),
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vine length (0.0787) and fruit weight (0.0727)
underscoring fruit length as a trait closely tied to
productivity. Vine length likewise correlated
strongly and highly significant with yield (0.574),
combining a direct effect of 0.1440 with beneficial
indirect pathways through fruit length (0.1276),
plot yield (0.1134), fruit weight (0.1057) and seed
number per fruit (0.0849). This suggests that more
vigorous vegetative growth translated into better
yield performance in the genotypes studied.

Fruit weight carried a direct effect of 0.1519
and a highly significant overall correlation with
yield of (0.546), with its principal indirect routes
running through fruit length (0.1117), plot yield
(0.1086), vine length (0.1002) and seed number per
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fruit (0.0770).

Fruit yield per plot itself had a direct effect of
0.2036 and a highly significant correlation with
per-hectare yield (0.539). Seed number per fruit
also contributed a substantial direct effect (0.3283)
alongside a significant correlation (0.464**). Fruit
diameter presented a notable contrast, despite a
negative direct effect (-0.0826), 1its overall
phenotypic correlation with yield was positive and
highly significant (0.438%*). This apparent
discrepancy stemmed from favorable indirect
effects transmitted through fruit length (0.1160),
seed number per fruit (0.1154), plot yield (0.0960),
fruit weight (0.0815) and vine

Table 1. Phenotypic path with fruit yield (q/ha)

Chrs | D50G |DFMFA | DFFFA VL NBV NFV NSF FD FL FW DFFH DH FYP FYH
D50G |[-0.1539 |-0.0332 |0.0420 |0.0087 |-0.0190 |0.0018 |0.1153 |0.0009 (-0.0143 [0.0019 |-0.0016 |-0.0073 [0.0673 [0.009
DFMFA |-0.0426 |-0.1196 [0.1987 |0.0076 |-0.0294 [0.0004 [0.0946 [0.0002 |-0.0079 [0.0023 |-0.0117 |0.0086 |0.0055 |0.107
DFFFA (-0.0181 |-0.0665 |0.3576 |0.0114 |0.0043 |-0.0016 |0.0397 |0.0101 [-0.0002 |0.0135 [-0.0171 [-0.0141 [0.0232 |0.342**
VL |-0.0093 [-0.0063 |0.0282 [0.1440 |(-0.0047 |0.0080 |0.0849 [-0.0403 [0.1276 |0.1057 |-0.0011 [0.0240 [0.1134 |0.574**
NBV [-0.0202 (-0.0244 [-0.0105 [0.0047 |-0.1444 (-0.0045 |-0.0536 [0.0236 |-0.0251 |-0.01130.0018 |0.0293 |0.0032 |-0.231*
NFV (-0.0090 |-0.0016 |-0.0193 |0.0379 |0.0214 [0.0302 |0.1158 |-0.0235 [0.1009 [0.0187 |0.0015 |0.0330 |0.0491 |0.355**
NSF |-0.0540 |-0.0345 {0.0432 (0.0372 |0.0236 |0.0107 [0.3283 |-0.0290 |0.0867 |0.0356 |-0.0037 (-0.0307 |0.0505 |0.464**
FD [0.0017 |0.0004 |-0.0439 |0.0703 |0.0412 [0.0086 [0.1154 [-0.0826 [0.1160 [0.0815 |0.0004 |0.0333 |0.0960 |0.438%*
FL |0.0094 [0.0041 [-0.0003 [0.0787 [0.0155 [0.0131 [0.1220 [-0.0411 |0.2334 |0.0727 |0.0011 |0.0039 |0.1093 |0.622**
FW |-0.0019 (-0.0018 [0.0317 [0.1002 [0.0107 [0.0037 [0.0770 [-0.0443 |0.1117 |0.1519 |-0.0009 |-0.0003 |0.1086 |0.546**
DFFH (-0.0104 |-0.0591 |0.2579 |0.0069 |0.0112 |-0.0019 |0.0514 |0.0013 [-0.0103 [0.0059 |-0.0236 |-0.0086 {0.0178 |0.239*
DH [0.0082 |-0.0075 |-0.0369 |0.0252 |-0.0308 [0.0073 |-0.0734 |-0.0201 [0.0067 (-0.0003|0.0015 |0.1372 |0.0243 |0.041
FYP |-0.0509 |-0.0033 [0.0408 |0.0802 |-0.0023 [0.0073 [0.0814 |(-0.0389 [0.1253 [0.0810 |-0.0021 [0.0164 |0.2036 |0.539**
Resi-0.311 length (0.0703) — a clear illustration of why
* %% gionificant at 5% and 1% level, correlation coefficients alone can be misleading

respectively

D50G- days to 50% germination, DFMFA-days
to first male flower appearance, DFFFA-days to
first female flower appearance, VL-vine
length(cm), NBV- number of branches per vine,
NFV- number of fruits per vine, NSF- number of
seeds per fruit, FD-fruit diameter(cm), FL -fruit
length (cm), FW-fruit weight (g), DDFH- days to
first fruit harvest, DH- duration of harvesting,
FYP-fruit yield per plot(kg), FYH-fruit yield per
hectare (quintal).

about a trait's real contribution to yield. Fruit
number per vine contributed only a modest direct
effect (0.0302), yet its total correlation with yield
was positive and highly significant (0.355), driven
largely by indirect effects via seed number per
fruit (0.1158), fruit length (0.1009) and plot yield
(0.0491).

Days to first female flower appearance
combined the largest direct effect (0.3576) with a
highly significant positive correlation with yield
(0.342). By contrast, branch number per vine



showed both a negative direct effect (-0.1444) and
a significant negative correlation with yield
(-0.231).

The phenotypic residual effect stood at 0.311,
indicating that the traits included in the model
accounted for a considerable share of the
phenotypic variation linked to fruit yield. These
results broadly agree with (2), who likewise
identified fruit weight, maturity duration and
related traits as important direct and indirect
contributors to cucumber yield. (5) similarly found
average fruit weight, fruit number, yield and vine
length to be positively linked with productivity,
while  (10) reported significant  positive
relationships between yield and vine length, fruit
number per plant, fruit length, fruit diameter and
average fruit weight.

Genotypic path analysis

At the genotypic level, plot-level fruit yield
exerted by far the largest positive direct effect on
per-hectare yield (0.9838), followed by fruit
number per vine (0.6769), days to first male flower
appearance (0.5025), days to first harvest (0.4603),
fruit diameter (0.1734) and branch number per
vine (0.1043).

Negative direct effects were noted for harvest
duration (-0.7711), days to 50% germination
(-0.6830), days to first female flower appearance

Table 2. Genotypic path with fruit yield (q/ha)

(-0.3873), vine length (-0.3108), seed number per
fruit (-0.2181), fruit length (-0.2109) and fruit
weight (-0.1302).

Fruit length again showed the highest
genotypic correlation with yield of all traits (0.703)
highly significant, even though its direct path
coefficient was negative (-0.2109). This positive
overall association arose almost entirely from
strong indirect contributions via plot yield (0.8670)
and fruit number per vine (0.3501), demonstrating
that fruit length's genotypic link to yield operates
mainly through other traits rather than as an
independent direct effect.

Fruit yield per plot combined a very large
direct effect (0.9838) with a highly significant
correlation with per-hectare yield (0.692). Vine
length followed with a significant correlation of
yield (0.589) despite a negative direct effect
(-0.3108), 1its positive net association arising
principally from a very strong indirect pathway
through plot yield (0.9957) together with a further
contribution from fruit number per vine (0.1950).

Fruit weight followed a similar pattern a
negative direct effect (-0.1302) alongside a
positive, highly significant correlation with yield
(0.580) with net association being driven
predominantly by its strong indirect effect through
plot yield (0.9111).

Chrs D50G DFMFA DFFFA VL NBV NFV NSF FD FL FW DFFH DH FYP FYH
D50G -0.6830 0.1769 -0.0584 -0.0066 0.0149 0.0376 -0.0784 0.0002 0.0116 -0.0008 0.0305 0.0741 0.5219 0.041
DFMFA -0.2404 0.5025 -0.2665 -0.0268 0.0261 -0.0242 -0.0756 -0.0036 0.0041 -0.0039 0.3379 -0.1223 0.0444 0.152
DFFFA -0.1029 0.3457 -0.3873 -0.0255 -0.0011 -0.0617 -0.0328 -0.0252 -0.0011 -0.0149 0.4899 0.0546 0.1320 0.370**
VL -0.0144 0.0433 -0.0317 -0.3108 0.0043 0.1950 -0.0562 0.0939 -0.1330 -0.0957 0.0284 -0.1295 0.9957 0.589**
NBV -0.0976 0.1259 0.0039 -0.0127 0.1043 -0.1264 0.0435 -0.0578 0.0150 0.0107 -0.0348 -0.2062 -0.0082 -0.240*
NFV -0.0379 -0.0179 0.0353 -0.0895 -0.0195 0.6769 -0.0812 0.0497 -0.1091 -0.0178 -0.0373 -0.2763 0.3205 0.396**
NSF -0.2454 0.1743 -0.0583 -0.0801 -0.0208 0.2519 -0.2181 0.0649 -0.0911 -0.0331 0.1153 0.1766 0.4595 0.496**
FD -0.0009 -0.0105 0.0563 -0.1684 -0.0348 0.1939 -0.0816 0.1734 -0.1135 -0.0715 -0.0025 -0.2350 0.7677 0.473**
FL 0.0375 -0.0099 -0.0020 -0.1960 -0.0074 0.3501 -0.0942 0.0933 -0.2109 -0.0661 -0.0277 -0.0302 0.8670 0.703**
FW -0.0041 0.0151 -0.0442 -0.2285 -0.0086 0.0924 -0.0554 0.0952 -0.1071 -0.1302 0.0374 0.0065 0.9111 0.580**
DFFH -0.0452 0.3689 -0.4123 -0.0192 -0.0079 -0.0548 -0.0546 -0.0009 0.0127 -0.0106 0.4603 0.0254 0.0911 0.353**
DH 0.0656 0.0797 0.0274 -0.0522 0.0279 0.2425 0.0500 0.0528 -0.0083 0.0011 -0.0152 -0.7711 0.3259 0.026
FYP -0.2576 0.0161 -0.0370 -0.2236 -0.0006 0.5568 -0.0724 0.0962 -0.1322 -0.0857 0.0303 -0.1816 0.9838 0.692**
0.0184
* x%

, ** significant at 5% and 1% level, respectively
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D50G- days to 50% germination, DFMFA-days
to first male flower appearance, DFFFA-days to
first female flower appearance, VL-vine
length(cm), NBV- number of branches per vine,
NFV- number of fruits per vine, NSF- number of
seeds per fruit, FD-fruit diameter(cm), FL -fruit
length (cm), FW-fruit weight (g), DDFH- days to
first fruit harvest, DH- duration of harvesting,
FYP-fruit yield per plot(kg), FYH-fruit yield per
hectare (quintal).

Seed number per fruit showed a negative direct
effect (-0.2181) but a positive, highly significant
overall correlation (0.496), attributable mainly to
indirect effects through plot yield (0.4595) and
fruit number per vine (0.2519).

Fruit diameter, in contrast, combined a
positive direct effect (0.1734) with a highly
significant positive correlation with yield (0.473),
reinforced by indirect contributions through plot
yield (0.7677) and fruit number per vine (0.1939).

Fruit number per vine registered the
second-largest positive direct effect at the
genotypic level (0.6769) along with a high
significant positive correlation with yield (0.396),
marking it as one of the most useful biological yield
components for selection purposes in cucumber.

Days to first harvest carried a positive direct
effect (0.4603) and a high significant positive
correlation (0.353), whereas days to first female
flower appearance showed a negative direct effect
(-0.3873) but a high significant positive overall
correlation (0.370), attributable to indirect effects
passing through days to first harvest, days to first
male flower appearance and plot yield.

Branch number per vine had a positive direct
effect (0.1043), yet its overall correlation with yield
was negative but significant (-0.240), showing that
negative indirect contributions from other traits
outweighed its modest direct benefit.

The genotypic residual effect was only 0.0184,
at 0.0184, indicating that the traits included in the
model together accounted for almost all of the
genotypic association with fruit yield.

The divergence between phenotypic and
genotypic direct effects observed here suggests
that environmental influences, together with the
interdependence among component traits, shaped
how these characters were ultimately expressed.
Comparable shifts between phenotypic and

154

genotypic contributions have been documented in
other cucumber path studies. (2) similarly
concluded that decomposing correlations into
direct and indirect effects offers sharper insight
than correlation coefficients alone, and (10)
stressed the wvalue of prioritizing traits with
substantial direct effects during selection. (7)
found that clustering Indian cucumber accessions
by morphology did not always mirror groupings
based on SSR markers, and other studies pairing
morphological data with EST-SSR or SSR markers
have similarly demonstrated the benefit of
combining both approaches when characterizing
cucumber germplasm for breeding. These results
also bear on the wider diversity investigation of
which this study forms a part. On this basis,
cucumber genotypes combining favorable fruit
number per vine, fruit length, fruit weight, fruit
diameter, vine length and yield could first be
shortlisted through morphological screening, with
molecular marker data then applied to select
genetically divergent parents for hybridization.

Conclusion

This study showed that cucumber fruit yield is
shaped by a range of morphological and
yieldrelated traits acting through both direct and
indirect pathways. At the phenotypic level, days to
first female flower appearance, seed number per
fruit, fruit length, plot yield, fruit weight and vine
length all exerted meaningful positive direct
effects on yield per hectare, with fruit length
showing the strongest overall phenotypic
correlation, followed by vine length, fruit weight
and plot yield.

At the genotypic level, plot yield produced the
largest direct effect, followed by fruit number per
vine, days to first male flower appearance and
days to first harvest. Among the genuinely
biological yield components, fruit number per vine
stood out for its strong positive direct genotypic
effect, while fruit length, vine length and fruit
weight influenced yield mainly through indirect
routes rather than direct ones.

These results suggest that selection
emphasizing fruit number per vine, together with
favourable fruit length, fruit weight, fruit
diameter and vine growth, could usefully improve
cucumber productivity. Pairing this morphological
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information with molecular-marker-based
diversity assessment should further assist

breeders in identifying parental lines that are both
agronomically superior and genetically distinct for
future cucumber improvement programmes.
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Abstract

In the Rabi seasons of 2022-2023 and 2023-2024, experiments were conducted at Swami Vivekanand
Subharti University in Meerut, Uttar Pradesh, India. The experimental field's soil had a sandy loam
texture, was somewhat alkaline, and had good drainage. It had medium levels of accessible potassium
and phosphorus but small levels of organic carbon and available nitrogen. Four moisture conservation
techniques (pusa hydrogel @ 5 kg/ha, Vermi-compost @ 1t/ha, pusa hydrogel @ 5 kg/ha+Vermi-compost @
1t/ha and no application) and three irrigation levels-first (at CRI stage), second (at CRI, booting and
milking), and third (at CRI, late tillering, late jointing, flowering and milking stage)-were tested in a
split plot design with three replications. The number of effective tillers/spike, spikelets/spike (41.3 and
38.9), and test weight (41.2 and 39.5g) were the wheat growth parameters and yield-attributing
characters that were significantly higher under five irrigation levels than under three and one, with the
lowest values occurring under first irrigation in 2022-2023 and 2023-2024, respectively. In the first and
second years, the wheat that received five irrigations outperformed the wheat that received three and
one irrigations by 7.6, 68.8, and 8.1 and 69.4%, respectively. Likewise, during the trial, wheat cultivated
with three and five irrigations yields a greater straw yield of 5.98 and 5.84 and 28.88 and 26.65q/ha,
respectively. During 2022-23 and 2023-24, the combined application of pusa hydrogel @ 5 kg +
vermin-compost @ 1t/ha over no application at harvest produced 33.2 and 31.0% greater dry matter
production/m and 41.1 and 39.3% more grains/spike, respectively. The application of pusa hydrogel @ 5
kg+ vermi-compost @ 1 t/ha produced the highest B: C ratios (3.18 and 3.12), while five irrigations
followed by three irrigations during the first and second years produced the highest B: C ratios (3.25 and
3.21). In addition, this treatment maintained the soil's moisture and fertility levels while providing the
crop with the best nutrient uptake. Thus, in sandy loam soils of the North Western Plain Zones of
Western Uttar Pradesh, 5 kg of pusa hydrogel plus 1 t of vermi-compost per hectare with five irrigations
(at CRI, late tillering, late jointing, flowering, and milking stage) seemed to work well for wheat.

Key words:- Wheat, Vermi-compost, Pusa Hydrogel, CRI Stage, Economic Feasibility, Moisture
Conservation.
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Introduction

Wheat (Triticum aestivum L.), is the second
major staple crop in India. It's said that wheat is
the "King of Cereals." Over a billion people in 43
countries around the world rely on wheat as a
reliable food source (5). It provides about 20% of
the calories that an individual consumes.
Approximately half of the world's 224.49 million
hectares of wheat are planted in impoverished
countries. It is currently one of the important
India's cereal crops. After rice, wheat crop is the
second-largest acreage and yield. Wheat from the
Poaceae family has its origins in South-West Asia;
it is the second largest producer in the world,
producing over 12 per cent of world wheat, and
has the fastest growing consumption as it is the
second largest consumer after China. In total,
there were 792.40 million total tons of wheat
produced and total wheat seed sown was
approximately 224.49 million hectares worldwide
with an estimated product of approximately 3.52
tons per hectare (ton-building rate). In India,
wheat is grown on 31.61 million hectares
(approximately 13.43% of total growing acres) and
is responsible for producing 113.29 million tons of
wheat (an increase of approximately 1.02% from
2022) with a production level of approximately
3464 kg/ha (2). One of the primary causes of the
low wheat yields in India and around theworld is
weed infestation (20). Wheat yield is decreased by
weed infestation by 37 to 50%, although it can be
further decreased by using appropriate weed
management techniques (Amare et al., 2014).
Although there are several methods available,
nobody is positive how to completely eradicate
weeds (16 & 15). Apart from being expensive and
labor-intensive, manual weeding cannot be
refined until weeds have sufficiently developed
their vegetative parts.

Hydrogels are 3-dimensional polymeric
materials that can absorb greater amounts of
water than soil or most biomaterials and are made
from cross-linked polymers (13). Synthetic
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polymers known as hydrogels are sold under brand
names including PUSA Hydrogel and Super
Absorbent. PUSA Hydrogel is a semi-synthetic
superabsorbent that has been developed by IARI
(Indian Agricultural Research Institute) and has
the potential to increase production on a per unit
input basis. The swelling capacity of this product is
reported to be 350 times or more than its own
weight in purified water and can have a swelling
capacity of over 500 times (19). Swelling ratio
increases with increasing temperature (up to 50
degrees Celsius) and there is no negative impact on
the physical matrix. In terms of enhancing yield
(per unit of water and nutrients), PUSA Hydrogel is
beneficial under conditions of moisture stress
(Priya et al., 2022). It also increases the physical
improvements of soil, seed germination, seedling
emergence, root density, and root growth, which
aid plants in surviving long periods of moisture
stress (10). Hydrogel can also decrease herbicide
and fertilizer leaching and reduce crop irrigation
needs (26; 25; 23; 6).

In addition, it promotes early flowering and
tillering in dense climates to delay the maximum
wilting point (7). Vermicompost, or VC, produced
through the decay of organic materials by worms
contains nutrients in a readily available form for
plants to use (22). There is overwhelming evidence
that adding VC to soil allows for greater
development in plant growth and helps the growth
and yields of grains and legumes (7). The use of
vermicompost continues to generate interest as a
soil conditioner; incorporating VC into existing
soils 1improves the physical and chemical
characteristics of that soil (3; 9).

Material and Methods

This experiment was performed at Swami
Vivekanand Subharti University in Meerut, and
the germplasm was obtained from Sardar
Vallabhbhai Patel University of Agriculture and
Technology (Uttar Pradesh, India). The study took
place during the rabi season of 2022 to 2023 and
2023 to 2024, as detailed in Table 1.
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Table-1 Details of treatment during the experiments

Factor (A) Irrigation Levels - 03

1.1,, 01 Irrigation

At CRI (Crown Root Inintiation) stage

2.1,, 03 Irrigation

At Crown Root Inintiation stage, Booting stage and Milking stage

3.1, 05 Irrigation

At Crown Root Inintiation stage, tillering stage, jointing stage, Flowering state and Milking stage

Factor (B) Moisture conservation practices — 04

1. Treatment - 1 Control

2. Treatment - 2

Pusa hydrogel at a rate of 5 kg per hectare

3. Treatment - 3

Vermi compost at a rate of 1 tons per hectare

4. Treatment - 4

Pusa hydrogel at a rate of 5 kg per hectare with vermi compost at a rate of 1 tons per hectare

A sandy loam soil was utilized for this trial
with low access nitrogen, organic carbon, a
moderate level of available phosphorus and
potassium, as well as an alkaline reaction. Soil
samples were obtained using a post auger at the
depths of zero to fifteen and fifteen to thirty. These
samples were collected both at the start and at the
end of each crop harvest, in order to determine
whether or not they contained moisture. The
gravimetric approach was used to measure
moisture content; average moisture values on a
per soil depth basis determined total water
consumed and total moisture generated during the
course of the trial.

Out of the total twelve combinations of two
different factors used in the treatments tested,
there were three levels of irrigation supplied to the
main plot. These irrigation levels consisted of the
initial irrigation applied at crown-root initiation
(CRI), with the second level providing 3 irrigations
applied at CRI, booting , and milking, and finally,
the third level with 5 irrigations applied at CRI,
late tillering, late jointing, flowering and milking.
The second subplot factor evaluated wvarious
moisture conservation practices utilizing control
grown with no added inputs, and 5 kg/ha of
hydrogel (Pusa hydrogel) and 1 ton/ha of
vermicompost, or combined applications of Pusa
hydrogel and vermicompost. Testing of these
practices was completed using a split plot design
with three replications. Hydrogel is a manmade
polymer that cannot dissolve in water but has high
water affinity and can hold large amounts of it (21;
14). Hydrogel shows considerable potential for use
in regions with limited irrigation resources, thus
Increasing the quantity of water available to
farmers during the planting of crops. Hydrogel has

the capability to hold water at 80-180 times its
volume and has the ability to release water
gradually during a growing period (11). The
physical characteristics of the soil, including
infiltration rates, density, soil structure, and
compaction, were affected positively by the
incorporation of hydrogels. Pusa Hydrogel was
added to soils in a 1:10 (W/W) ratio and added in
bands along the seed line during planting at a rate
of 5 kg/ha corresponding to each of the treatments.
The decomposed vermicompost obtained from
Swami Vivekanand Subharti University, Meerut,
had a N-P-K composition of 2.3% nitrogen, 1.6%
phosphorus, and 1.5% potassium (dry weight
basis), which was also used based on the
treatments. Vermicompost was incorporated into
the soil (1 metric ton/hectare) ten days before
planting in both seasons. The recommended
cultural practices for conventional wheat
cultivation were followed in both years. The wheat
variety PBW 590 was sown in rows 20 cm apart, at
a depth of 5 cm, with an application rate of 125 kg
seed per hectare on December 24 and 22 of 2022
and 2023, respectively. The leaf area index (LAI)
was determined using a leaf area meter
(LA-3100).The biological yield (grains and straw)
was recorded on a plot basis by sun-drying and
weighing the food in every sampling net plot after
it was harvested (except for roots), which was then
converted to g/ha. Once harvested, threshed,
washed and dried, the wheat grain yield was
measured at 14% moisture content. The Harvest
Index, derived from the ratio of economic yield to
biological yield, has been calculated using the
formula outlined by (8).
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_ EconomicYield(kgha ™))
EconomicYield(kgha ™)

The organic carbon content and nutrients
available in soil have been calculated according to
(17). The analysis of the collected data has been
evaluated through statistical analysis using a
computer-based software program, namely SPSS
for statistical analysis of split plot design.

H.L.

Economic Analysis

The total expenses of wheat -cultivation
included the following costs: seeds, fertilizers,
herbicides, labor, and machinery to the land to
complete the necessary preparation, irrigation,
and fertilizer application, protection of the plants
during the growing season, harvest, and
threshing. The time to fulfill each of these
activities was also included. To obtain the
irrigation cost of a given plot of land, the total
number of hours was multiplied by the number of
hours required to irrigate that land. The Indian
Government announces the minimum support
price for wheat as gross income. The net income
was calculated as gross income minus total costs.

The cost of cultivation was calculated by
considering the fixed and variable expenses
associated with different treatments of inputs. The
input prices that existed during the experimental
period were utilized to calculate input costs. The
financial returns derived from marketable produce
(grains and straw) were calculated by multiplying
the output amount by their unit price as follows:

Gross returns (Zha ') = Return form grains +
Return from straw

Monetary return from grains (Zha™!) = Grain
yield (q ha™!) x minimum support price Zq )

Monetary return from straw (Zha ') = Straw
yield Rq 1) x local price (Zq )

Net Return (Fha ') = Gross Return (Zha™)
Cost of cultivation (ZTha ')
Grossreturn(Zha ')

Costofcultivation(Zha ')

B : C Ratio =

Result and discussion
Growth Characteristics

The irrigation levels significantly influenced
yield parameters such as spike length, number of
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spikelet's per spike, number of grains per spike,
and test weight, whereas the number of spikelet's
per spike was not significantly different, as
presented in Table 1. The highest effective tillers
(345 and 322)/m2, resulting from a combined rate
of Pusa Hydrogel at the rate of 5 kg/ha and
vermicompost at the rate 1 tons per hectare were
the next highest effective tillers (317 and 293)/m2
with a low vermicompost at the rate ltons per
hectare. The lowest effective tillers were recorded
with vermicompost at the rate ltons per hectare
(317 and 293)/m?, and the highest spike lengths of
10.22 and 9.93 cm were recorded with the same
treatments, while the lowest spike lengths of 7.45
and 7.25 cm were observed in the same
treatments, and the highest number of spikelets
per spike were 13.52 and 12.23, while the lowest
number of spikelets were 10.56 and 10.44 when
compared to crops that received one irrigation. The
maximum number of grains per spike was 41.25
(2022-23) and 38.94 (2023-24), whereas the lowest
number of grains per spike (CRI irrigation only)
was significantly less than all other treatments.
The maximum test weight was obtained after five
irrigations, while the minimum test weight was
recorded with one irrigation.

The irrigation levels and  moisture
conservation methods had a significant effect on
the yields (grain yield, straw yield, biological yield,
and harvest index) during both years of the
experiment, but there was no significant effect of
the moisture conservation method on the harvest
index in both years (Table 1). The degree of
relationship between the level of irrigation and the
method of moisture conservation was not
significant. The crops that were not fertilised
produced 34.6% and 38.4% less grain per hectare
than the combined application of Pusa hydrogel at
5 kg/ha and vermicompost at 1 ton/ha in 2022-23
and 2023-24, respectively. Wheat crops grown
using the combined application of Pusa hydrogel at
5 kg ha™! and vermicompost at 1 t ha* produced
the highest total grain output of all treatment
combinations, proving to be the most effective
combination in both years. The application of Pusa
hydrogel at 5 kg/ha is superior to the control for
increasing grain yield but is not as successful
when that isolated amendment is compared to
vermicompost alone in both years (Table-2).
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Straw yields for crops fertilized with Pusa
Hydrogel at 5 kg per hectare and Vermicompost at
1 ton per hectare in both growing seasons (2022-23
and 2023-24) were significantly higher than for
any other treatments except when utilizing
Vermicompost alone (1 ton per hectare) during the
same years. Regarding the maximum straw yield,
applying Pusa Hydrogel at 5 kg per hectare
produced equivalent yields to using Vermicompost
at 1 ton per hectare and had a maximum yield
much greater than that of the Control treatment.
The Control treatment also yielded significantly
less than the treatment combinations during both
years (Table-2).

The biological yield of crops grown under
conditions without Pusa hydrogel applied at 5 kg
ha ! and without vermicompost applied at 1t ha
(control) was significantly less than that of those
grown with either of the treatments alone and was
significantly less than all combinations of the two
treatments. The highest biological yield of crops
was from a combination of both Pusa hydrogel
applied at 5 kg ha ' and vermicompost applied at 1
t ha !, which produced the same biological yield as
vermicompost applied alone at 1 t ha™!. Both
vermicompost applied at 1 t ha™' and Pusa
hydrogel applied at 5 kg ha' produced a
significant amount of grain yield when compared
to the control in all three years of the study.

Crops applying a combination of Pusa hydrogel
(5 kg ha™') and vermicompost (1 t ha ') produced
the highest harvest index, while the next highest
was observed for crops applying vermicompost (1t
ha ™). In comparison, the Pusa hydrogel treatment
(5 kg ha™!) had a higher harvest index than that of
the control group. However, the highest harvest
index was recorded for crops treated with both
Pusa hydrogel (5 kg ha™?) plus vermicompost (1 t
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ha ') and crops treated with vermicompost (1 t ha
1) alone. Economic feasibility

The economic analysis of wheat cultivation
influenced by various moisture conservation
techniques and irrigation scheduling is illustrated
in Table 3. The expense of cultivating wheat rises
with enhanced water regimes, albeit the increase
was minimal across both years. The cost of
cultivation was highest in the 05 irrigation levels
(Rs 36304 and Rs 35938), followed by the 03
irrigation levels, while the lowest cost was
observed in the 01 irrigation level plots (Rs 33248
and Rs 32856) during the years 2022-23 and
2023-24, respectively. Among the various
irrigation schedules, the maximum net profit and
benefit-cost ratio were seen at five irrigation
levels; nevertheless, gross income was also
reported at these five irrigation levels. This may be
attributed to superior water use efficiency
compared to alternative irrigation schedules, as
well as a relatively greater rise in grain output
than in other treatments. The lowest net profit,
gross income, and B: C ratio (2.25 and 2.21) were
recorded in the first irrigation level for both years,
respectively.

Among moisture conservation strategies, the
greatest values of gross and net returns, as well as
the benefit-to-cost ratio, were observed with the
application of 5 kg Pusa hydrogel combined with 1
ton of vermicompost per hectare in both years.
This method yielded net returns exceeding control
by Rs 28,105 and Rs 29,558 in the fiscal years
2022-23 and 2023-24, respectively. The respective
increase in gross return was 38.6% and 42.9%. The
cultivation costs ranged from Rs 32,263 to Rs
36,096 in the first year and from Rs 31,856 to Rs
35,746 in the second year across various
treatments.

Table 1: Yield attributes of wheat as influenced by irrigation levels and moisture conservation

practices at various stages of crop growth

Yield Attributes

Effective tillers

Treatment z
(m %)

Spike length
(cm)

No. of
grains/spike

No of

spikelets/spike Test weight (g)

2022-23|2023-24 2022-23|2023-24 2022-2312023-24(2022-23|2023-24 2022-23|2023-24

Irrigation levels

11 (at CRI stage) 281 265 7.6

7.5 10.6

10.4 26.4 25.7 36.32 35.27

12 (at CRI, Booting and Milking) | 326 299 9.4

9.0 13.4

12.6 38.8 37.7 39.73 38.22
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I3 (at CRI, Late tillering, Late|365 342 9.6 9.1 13.5 12.2 41.3 38.9 41.20 39.46
jointing, Flowering and Milking

stage)

SEm = 1.5 1.4 0.17 0.16 0.14 0.16 0.20 0.12 0.26 0.13
C.D. (P=0.05) 4.1 3.8 NS NS 0.57 NS 0.87 0.57 1.10 0.55
Moisture conservation practices

Control 317 293 7.5 7.3 9.7 10.4 30.2 29.0 35.15 33.65
Pusa hydro gel @5 kg ha™ 323 301 9.4 9.1 13.1 12.2 38.3 36.6 38.87 |36.85
Vermi compost @ 1 t ha-1 335 312 9.8 9.4 13.3 13.0 40.3 38.7 41.10 39.20
Pusa hydro gel @5 kg ha-1+ 345 322 10.2 9.9 14.9 13.7 42.6 40.4 42.44 40.57
Vermi compost @1 t ha-1

SEm + 1 1.1 1.0 0.05 0.08 0.11 0.22 0.25 0.21 0.11 0.18
C.D. (P=0.05) 3.2 3.0 0.19 0.26 0.36 0.67 0.74 0.61 0.33 0.57

Table 2: Effect of different irrigation levels and moisture conservation practices at various stages
of crop growth on grains, straw and biological yield (q ha-1) and harvest index of wheat

Yields (q ha-1)

Harvest index (%)

Treatment Grain Straw Biological
2022-23 | 2023-24 | 2022-23 | 2023-24 | 2022-23 | 2023-24 | 2022-23 | 2023-24
Irrigation levels
11 (at CRI stage) 27.25 26.58 51.74 50.37 78.99 76.95 38.46 38.48
12 (at CRI, Booting and Milking) [ 42.75 41.63 57.72 56.21 100.48 97.84 42.54 42.55
I3 (at CRI, Late tillering, Late |46.01 45.02 73.62 72.02 119.62 117.03 44.43 44.44
jointing, Flowering and Milking
stage)
SEm = 0.30 0.47 0.59 0.68 0.87 1.12 0.12 0.18
C.D. (P=0.05) 1.28 1.82 2.32 2.67 3.62 4.58 0.45 0.59
Moisture conservation practices
Control 30.71 28.12 56.11 55.01 86.82 83.13 41.50 41.43
Pusa hydro gel @5 kg ha-1 42.30 41.42 59.53 58.35 101.83 99.77 41.54 41.51
Vermi compost @ 1 t ha-1 44.46 43.17 62.47 60.68 106.93 103.85 41.57 41.56
Pusa hydro gel @5 kg ha'+ 46.97 45.62 65.98 64.09 112.95 109.71 41.58 41.57
Vermi compost @1 t ha?
SEm =+ 0.88 0.68 1.47 1.52 2.48 2.52 0.27 0.12
C.D. (P=0.05) 2.97 3.00 4.38 4.50 7.46 7.60 NS NS
Table 3: Effect of irrigation levels and moisture conservation practices on economic feasibility of
wheat
Treatment Cost (()g ;‘2‘112‘)’3“0“ Gr(E;s}:;lggme Net Return ( ha™!) | B: C Ratio (Zha™)
2022-23 | 2023-24 2022-23 | 2023-24 | 2022-23 | 2023-24 | 2022-23 | 2023-24
Irrigation levels
11 (at CRI stage) 33248 32856 74644 72750 41396 39894 2.25 2.21
12 (at CRI, Booting and Milking) | 34436 34148 103032 100334 [68596 66186 2.99 2.94
I3 (at CRI, Late tillering, Late | 36304 35938 117932 | 115244 |[81628 79306 3.25 3.21
jointing, Flowering and Milking
stage)
SEm *+ - - - - - - - -
C.D. (P=0.05) : - B - B - - .
Moisture conservation practices
Control 32263 31856 82802 77998 50539 46142 2.57 2.45
Pusa hydro gel @5 kg ha-1 34911 34358 103398 101282 [68487 66924 2.96 2.94
Vermi compost @ 1 t ha-1 35243 35146 108618 |105480 [73375 70334 3.08 3.00
Pusa hydro gel @5 kg ha1+ 36096 35746 114740 | 111446 |[78644 75700 3.18 3.12
Vermi compost @1 t ha'!
SEm =+ - - - - - - - -
C.D. (P=0.05) - - - - - - - -
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Conclusion

The results of a two-year experimentation
indicate that irrigation at higher levels promotes
the growth, yield attributes, yield, and
productivity of wheat crops. Five irrigations (CRI,
late tillering, late jointing, flowering, and milking
stages) resulted in maximum growth, yield
attributes, yield, productivity, and net and gross
income for wheat production. Pusa hydrogel (5
kg/ha) and vermicolite compost (1 ton/ha) provided
the best moisture retention and produced
maximum yileld and quality wheat. This
combination provided maximum uptake of
nutrients by the crop, gross and net income per
hectare, and maintained soil fertility and moisture
levels. The combination of 5 kg of pusa hydrogel
per hectare of wheat with five irrigations (CRI,
late tillering, late jointing, flowering, and milking
stages) 1s recommended for growing wheat in
sandy loam soils in the northwestern plain zones of
western Uttar Pradesh.
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Abstract

Stevia rebaudiana (Bertoni), a perennial herb of the Asteraceae family, is the source of zero-calorie
steviol glycosides (notably stevioside and rebaudioside A) that are 250—-300 times sweeter than sucrose
and possess antidiabetic, antihypertensive, anti-inflammatory and antioxidant properties (Salehi et al.,
2023). Because seed germination is poor and the species is highly self-incompatible, in-vitro propagation
offers the most reliable route to genetically uniform, large-scale planting material (Abouelela et al.,
2025). The present study optimised plant growth regulator (PGR) combinations for callus induction and
shoot proliferation from leaf explants of S. rebaudiana on Murashige and Skoog (MS) medium. For
callogenesis, 2,4-dichlorophenoxyacetic acid (2,4-D) was combined with either kinetin (Kn) or
a-naphthaleneacetic acid (NAA), and for shoot proliferation, 6-benzylaminopurine (BAP) was combined
with NAA at eight concentration ratios. The maximum callus-induction frequency (86.2 + 3.6%), yielding
green, organogenic callus, was obtained on MS medium supplemented with 2,4-D + NAA at 1.5 + 3.0 mg
L', which outperformed all 2,4-D + Kn combinations. For shoot proliferation, MS medium with BAP +
NAA at 0.5 + 1.0 mg L ™! gave the highest response (88% of explants), the greatest mean shoot length
(3.61 = 0.21 cm after four weeks) and a four-fold multiplication rate, whereas higher cytokinin—auxin
ratios were progressively inhibitory. The optimised protocol provides an efficient, reproducible system
for rapid clonal multiplication of this commercially important sweetener crop and a platform for
downstream steviol-glycoside production and germplasm conservation.

Keywords: Stevia rebaudiana; in-vitro propagation; callus induction; shoot proliferation; plant
growth regulators; 2,4-D; BAP; NAA; steviol glycosides.

Introduction

Stevia rebaudiana (Bertoni) is a perennial herb
of the Asteraceae (Compositae) family, native to
Paraguay and Brazil, whose leaves accumulate
sweet diterpene steviol glycosides—principally
stevioside and rebaudioside A—that are
approximately 250-300 times sweeter than
sucrose yet mnon-caloric, non-cariogenic and

non-fermentable (8; 6). These compounds are heat-
and pH-stable, making stevia extracts attractive
for foods, beverages and pharmaceuticals, and
especially valuable for diabetic and
weight-conscious consumers (4).

Beyond their sweetening role, steviol glycosides
display antidiabetic, antihypertensive,
anti-inflammatory, antioxidant, anticancer and
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antimicrobial activities, which has driven sharply
rising global demand for stevia biomass (8).
Conventional propagation, however, is constrained:
seed germination is poor and erratic owing to strong
self-incompatibility, and the resulting seedlings
vary widely in glycoside content, while stem
cuttings are slow and damage the donor plant (1).
Plant tissue culture therefore provides the most
efficient, eco-friendly route to rapid, genetically
uniform mass propagation and to the conservation
and improvement of elite germplasm (2).

In micropropagation, the type, concentration and
ratio of plant growth regulators (PGRs) decisively
control callus induction, organogenesis and shoot
multiplication; auxins such as
2,4-dichlorophenoxyacetic ~ acid  (2,4-D) and
a-naphthaleneacetic acid (NAA) drive
dedifferentiation and  callogenesis, whereas
cytokinins such as 6-benzylaminopurine (BAP) and
kinetin (Kn) promote shoot induction and
proliferation (5; 3). The present study was
undertaken to optimise PGR combinations on
Murashige and Skoog (MS) medium for efficient
callus induction and shoot proliferation from leaf
explants of S. rebaudiana, and thereby to establish a
reliable protocol for its rapid in-vitro multiplication.

Materials and Methods
Plant material and explant sterilisation

Healthy plants of Stevia rebaudiana were
maintained at the Department of Biotechnology,
Keral Verma Subharti College of Science, Swami
Vivekanand Subharti University, Meerut. Nodal
segments with axillary buds and young leaves
were used as explants. Explants were washed
under running tap water, treated with 10%
Tween-20 for 5-10 min, surface-sterilised with
70% ethanol for 3 min followed by 0.1% mercuric
chloride (HgCl2) for 1-2 min, and rinsed four to
five times with sterile double-distilled water.

Culture medium and conditions

Explants were inoculated on Murashige and
Skoog (1962) medium supplemented with 3%
(w/v) sucrose and the appropriate PGRs. The pH
was adjusted to 5.6 and 0.8% (w/v) agar was added
before autoclaving. Cultures were incubated at 25
+ 2 °C under a 16-h photoperiod provided by white
fluorescent light.

AmitKumaet. al/

Callus induction

Leaf explants (~1.5 cm) were placed dorsal-side
in contact with MS medium supplemented with
2,4-D in combination with either kinetin (Kn) or
NAA at five ratios each (0.5+1.0,1.0 +2.0, 1.5 + 3.0,
2.0 + 4.0 and 2.5 + 5.0 mg L™). Callus-induction
frequency was recorded, and callus intensity was
scored on a 1-4 scale (+ to ++++).

Shoot proliferation

Callus and nodal explants showing a good
response were transferred to MS medium
supplemented with BAP and NAA at eight
combinations (0.5 + 0.5, 0.5 + 1.0, 0.5 + 1.5, 0.5 +
2.0,1.0+0.5,1.0+ 1.0, 1.0+ 1.5 and 1.0 + 2.0 mg
LY. The percentage of explants forming shoots,
mean shoot length at 2, 3 and 4 weeks, and the
multiplication fold were recorded.

Statistical analysis

Each treatment comprised replicated cultures,
and experiments were repeated. Data are
presented as mean + standard error (SE) of the
recorded observations.

Results and Discussion

Explant sterilisation

Among the surface-sterilisation treatments
evaluated, sequential treatment with 70% ethanol
(3 min) followed by 0.1% HgCl, for 1-2 min gave
the best balance of contamination control and
explant survival, producing the highest proportion
of clean, viable explants for subsequent culture.

Figure 1. Initiation of Callogenesis
from Leaf Explants
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Figure 2. Regeneration and
Multiplication of Shoots from
Callus-Derived Cultures

Callus induction

Callus initiation appeared at the cut surfaces
of leaf explants 16-20 days after inoculation, and
its frequency and quality depended strongly on the
auxin-cytokinin combination (Table 1). Within the
2,4-D + Kn series, callus-induction frequency rose
with concentration to a maximum of 68.3 + 3.4% at
1.5 + 3.0 mg L', producing white-green compact
callus, and then declined at higher levels
(Figure-1). The 2,4-D + NAA series was
consistently superior: callus frequency peaked at
86.2 + 3.6% at 1.5 + 3.0 mg L', yielding green,
organogenic callus, before falling at 2.0 + 4.0 and
2.5 + 5.0 mg L. The combination of 2,4-D with
NAA was therefore more effective for callogenesis
from leaf explants than 2,4-D with kinetin,
consistent with reports that 2,4-D and NAA are
potent inducers of dedifferentiation and callus
proliferation in S. rebaudiana and related
medicinal species (3; 7).

Table 1. Effect of plant growth regulator (PGR)
combinations on callus induction from leaf
explants of Stevia rebaudiana on MS medium.
Values are mean + SE; callus intensity scored

1-4 (+ to ++++). The highest response is
highlighted.

P.GR . . Callt{s Callus Nature of
combination induction . .
(mg L) frequency (%) intensity callus
2,4-D + Kn
0.5+ 1.0 [38.4 = 2.6 | + | Pale, friable

166

1.0 + 2.0 52.7 = 3.1 ++ White,
globular

1.5 + 3.0 68.3 = 3.4 +++ White-green,
compact

2.0+ 4.0 49.6 = 2.9 ++ White,
globular

2.5 +5.0 35.1+24 + Pale, friable

2,4-D + NAA

0.5+ 1.0 47.5 = 2.8 ++ White,
globular

1.0 + 2.0 66.8 = 3.2 +++ Whitish-yello
w, compact

1.5+ 3.0 86.2 + 3.6 ++++ | Green,
organogenic

2.0+ 4.0 57.3 = 3.0 +++ Whitish,
compact

2.5 + 5.0 44.0 £ 2.5 + Pale, friable

Shoot proliferation

Leaf-derived explants and callus transferred to
MS medium containing BAP and NAA showed
marked differences in shoot response across the
eight combinations (Table 2). The highest
proliferation was obtained at BAP + NAA 0.5+ 1.0
mg L', where 88% of explants formed shoots with
a mean shoot length increasing from 1.42+0.16 cm
at two weeks to 3.61 £ 0.21 cm at four weeks and a
four-fold multiplication rate. Increasing the NAA
level at constant BAP (0.5 mg L") beyond 1.0 mg
L™ progressively reduced the response, with the
lowest value (58%) at 0.5 + 2.0 mg L. Raising
BAP to 1.0 mg L' did not improve proliferation;
the best response in that series was only 63% at 1.0
+ 0.5 mg L7}, declining to 43% at 1.0 + 2.0 mg
L*(Figure-2).

These results indicate that a low cytokinin
level combined with a moderate auxin level (BAP +
NAA, 0.5 + 1.0 mg L) is optimal for shoot
proliferation in S. rebaudiana, whereas higher
auxin or cytokinin  concentrations  are
inhibitory-an outcome in close agreement with
recent micropropagation studies reporting that
low-to-moderate BAP, alone or with a small
amount of NAA, maximises shoot number and
length in stevia (1; 5). The balance between
cytokinin and auxin, rather than their absolute
concentrations, thus governs the switch between
callus proliferation and shoot organogenesis (3).
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Table 2. Effect of BAP + NAA combinations on shoot proliferation from Stevia rebaudiana
cultures on MS medium. Values are mean + SE. The highest response is highlighted.

BAP + NAA Explants formin Mean shoot length (cm) s
(mgL™) pShOOtS (%) s 2 weeks 3 weeksgth 4 weeks Multiplication fold
0.5 + 0.5 68 1.31 = 0.18 1.95 + 0.20 2.78 + 0.22 2
0.5 + 1.0 88 1.42 + 0.16 2.74 + 0.19 3.61 + 0.21 4
0.5+ 1.5 73 1.18 = 0.22 1.92 + 0.24 3.02 + 0.25 3
0.5 + 2.0 58 1.05 = 0.20 1.63 = 0.21 2.71 + 0.23 2
1.0 + 0.5 63 1.22 + 0.19 1.81 + 0.20 2.52 + 0.22 2
1.0 + 1.0 54 1.16 = 0.18 1.69 + 0.20 2.41 * 0.21 2
1.0+ 1.5 48 1.39 = 0.19 1.61 + 0.20 2.39 + 0.21 1
1.0 + 2.0 43 1.41 = 0.20 1.52 + 0.21 2.31 + 0.22 1

Leaves and other vegetative explants are
preferred for in-vitro regeneration because they
preserve the genetic constitution of the parent
genotype, an important consideration for a
self-incompatible, heterozygous species such as
stevia (1). Although callus-mediated (indirect)
regeneration enables In-vitro selection,
somaclonal-variation  studies and  genetic
transformation, prolonged subculture of callus can
increase the risk of somaclonal variation;
controlled subculture intervals and
low-to-moderate PGR levels, as optimised here,
help to maintain clonal fidelity (2; 7). The
optimised callus-induction and shoot-proliferation
system established in this study can be coupled
with downstream rooting, acclimatisation and
elicitation strategies to enhance steviol-glycoside
yield and to support large-scale, water-efficient
production of this natural sweetener (1).

Conclusion
An efficient in-vitro protocol for callus
induction and shoot proliferation in Stevia

rebaudiana was established using leaf explants on
MS medium. The combination of 2,4-D + NAA at
1.5 + 30 mg L' gave the maximum
callus-induction frequency (86.2 + 3.6%) with
green, organogenic callus, while BAP + NAA at 0.5
+ 1.0 mg L' produced the highest shoot
proliferation (88% of explants), the greatest shoot
length (3.61 £ 0.21 cm at four weeks) and a
four-fold multiplication rate. Cytokinin—auxin
balance, rather than absolute hormone
concentration, was the key determinant of
morphogenic response. The protocol offers a rapid,

reproducible route to genetically uniform planting
material and a foundation for steviol-glycoside
production and germplasm conservation of this
commercially valuable sweetener crop.
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Abstract

Background: The rapid emergence of carbapenem-resistant Escherichia coli (CREC) infections is a
major threat to global public health, prompting the search for alternative therapeutic options. In this
review, the latest research on the antimicrobial activity and synergy of herbal plant extracts on
carbapenem-resistant Escherichia coli (CREC) and multidrug-resistant (MDR) clinical isolates is
discussed. Key findings point to the capacity of equol, naringenin, and tetrandrine to reinstate the
effectiveness of conventional antibiotics, including carbapenems and colistin. Furthermore, the
mechanisms of action include the disruption of cell wall and membrane integrity, the inhibition of efflux
pump activity, and the downregulation of resistance genes, including carbapenemases and mcr-1.
Synergistic interactions, indicated by a Fractional Inhibitory Concentration (FIC) index of less than 0.5,
reveal the potential of plant-derived compounds as effective adjuvants. Although in vivo studies in
murine models indicate a positive outcome in terms of reduced bacterial loads, translation to the clinic is
hindered by a lack of human studies and standardized extraction methodologies. This report presents a
holistic overview of these plant-derived approaches, revealing a glimpse of their potential as
next-generation antimicrobials.

Keywords: CREC, Herbal extracts, antimicrobial resistance (AMR),
multidrug-resistant bacteria, Synergistic antibacterial activity

Introduction

Escherichia coli is a ubiquitous Gram-negative

Medicinal plants,

Escherichia coli (CREC) in recent years have
caused great concern for public health since

bacterium that serves as both a commensal
organism in the human gut and a major
opportunistic pathogen responsible for a wide
range of community- and healthcare-associated
infections. Urinary tract infections (UTIs),
bacteremia, sepsis, and meningitis (primarily in
newborns) all contribute to significant morbidity
and mortality around the world. The emergence
and proliferation of carbapenem-resistant

carbapenem antibiotics represent the last line of
drugs against the treatment of serious infections
resulting from  multidrug-resistant (MDR)
Gram-negative bacteria. The lack of activity of
these drugs creates limited treatment options and
greater challenges in providing clinical care (1).
Multiple resistance mechanisms co-exist in
Escherichia coli, causing it to be resistant to
carbapenems and other types of antibiotics. One of
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the main resistance mechanisms is the creation of
carbapenemase enzymes, which break down the
carbapenem class of antibiotics. Overexpression
of efflux pump systems is an additional resistance
mechanism as they actively pump out the
antibiotic from the bacterial cell and limit the
concentration of the drug to below therapeutic
levels within the bacterial cell. Resistance
mechanisms also include structural changes to
outer membrane porins, thereby decreasing the
permeability of the membrane and limiting the
ability of an antibiotic to enter the bacterial cell.
Together, these mechanisms confer high-level
resistance and greatly reduce susceptibility to
multiple classes of antimicrobial agents (6).

Due to the reduced effectiveness of traditional
antibiotics as well as the slow development of new
synthetic drugs, there is an increasing amount of
Interest in plant-based natural alternatives from
plant sources. Many different types of plant
extracts are rich in bioactive secondary
metabolites that have shown evidence of having
antimicrobials, including polyphenols, alkaloids,
flavonoids, and terpenoids. Not only do these
compounds exhibit antibacterial effects, but they
have also been shown to alter the resistance
mechanisms of many different bacterial species,
allowing for them to be used as a co-treatment
with existing antibiotics. This has caused these
compounds to become promising alternatives for
treating antibiotic resistance (8; 9). Additionally,
the known synergistic relationship between
plant-based compounds and traditional
anti-bacterial medications has been more closely
studied in recent years. These combinations can
increase the activity of antibiotics by acting on
different mechanisms of action, such as:
disruption of bacterial cell membranes, inhibition
of efflux pumps, suppression of resistance genes,
and obstruction of quorum sensing (QS) and
biofilm formation. When combining multiple
modes of action, the chance that resistance will
develop is decreased, and clinical efficacy will be
improved.

This aims to comprehensively evaluate the
potential of medicinal plant extracts in the
management of carbapenem-resistant
Escherichia coli infections. The focus will be on
research conducted between 2021 and 2026, with

special emphasis placed on understanding how
certain phytochemicals exert their effects alone
and when combined with other commonly used
antibiotics. The synthesis of the available evidence
in this review will allow for a better understanding
of the role plant-based therapies can play in
attempting to reduce the burden of CREC infection
and address the ever-evolving issue of
antimicrobial resistance.

Methods and Approaches in the
Sources

The studies reviewed employed various
standardised methodologies to evaluate the
extracts. Minimum Inhibitory Concentration
(MIC) and Minimum Bactericidal Concentration
(MBC) determinations remain the gold standard
for the evaluation of the intrinsic potency of the
extracts (3; 5). Synergism of the extracts was
mainly assessed by employing the checkerboard
assay to determine the Fractional Inhibitory
Concentration Index (FICI), whereby extracts
exhibiting FICI values of = 0.5 were regarded as
synergistic (4; 11).

Advanced imaging and molecular techniques
have been utilised to achieve the goal. Scanning
Electron Microscopy (SEM) and Transmission
Electron Microscopy (TEM) were used to observe
the physical damage to the bacterial cell envelopes
(2; 4; 15). Confocal Laser Scanning Microscopy
(CLSM) and Fluorescence-based assays, e.g.,
Propidium Iodide uptake, were utilised to evaluate
membrane permeability and biofilm architecture
(2; 7). Molecular mechanisms, e.g., the suppression
of the transcription of resistance genes, were
studied by employing Quantitative Real-Time PCR
(qRT-PCR) (1; 13; 17). Phytochemical
characterisation of the compounds, as well as the
extracts, of the plants of interest, typically involves
the use of High-Performance Liquid
Chromatography (HPLC) or Gas
Chromatography-Mass Spectrometry (GC-MS) (5).

Findings and Comparative
Analysis
(a) Restoration of Antibiotic Susceptibility

Recent antimicrobial research has uncovered a
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groundbreaking and exciting discovery: various
plant-sourced compounds can help restore the
antibiotic susceptibility to carbapenem-resistant
Escherichia coli (CREC) so that antibiotics will
work to Kkill bacteria again. This discovery
demonstrates a trend away from conventional
methods of killing bacteria (bactericidal) or
stopping bacterial growth (bacteriostatic) provided
by antibiotics, and toward the wuse of
Resistance-Modifying Agents (RMAs) that reverse
the mechanisms of resistance rather than killing
the bacteria. Such therapies are important due to
the growing number of multidrug-resistant
organisms for which few treatment options
remain. One example of an RMA is equol, a
product of daidzein (an isoflavone found in
soybeans), which has been shown to restore CREC
susceptibility to meropenem. Research has shown
that equol inhibits CREC because it acts on both
the molecular and functional pathways of
resistance, affecting both the genetic expression of
carbapenemase genes and the structural integrity
of the Dbacterial cell (specifically the cellular
membrane). By reducing the mechanisms that
confer antibiotic resistance, equol increases the
intracellular concentration and activity of
meropenem, thereby re-sensitising CREC (1).
Additionally, the alkaloid tetrandrine, which can
be found in Stephania tetrandra, has been shown
to restore colistin susceptibility in E. coli strains
containing the mecr-1 gene (a primary cause of
plasmid-mediated  resistance to  colistin).
Tetrandrine works by multiple means; it inhibits
efflux pumps, alters membrane readiness and
interacts with MCR-1 protein to inhibit its
function. The result of these actions is a reduction
in the phenotypic resistance allowing colistin to
again exert strong bacteriocidal effects on strains
that were formerly resistant (4). RMAs are a class
of compounds that have typically not shown strong
antimicrobial activity by themselves. Instead,
their primary use is to enhance the efficacy of
existing antibiotics by neutralising or bypassing
resistance mechanisms. This enhancement of
activity 1n association with the available
antibiotics makes RMAs very attractive for use in
clinical practice because these types of compounds
prolong the useful life of antibiotics currently
available, require less use of higher doses of
antibiotics and could help to slow or eliminate the
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emergence of more resistant organisms.
(b) Synergistic Effects and FIC Indices

Another interesting phenomenon 1is the
synergy of herbal extracts with conventional
antibiotics. The combination of the extracts of the
herbal compound naringenin  with the
conventional drug amikacin was found to show
significant synergy with both ATCC 25922 and
clinical strains of E. coli (2). The extracts of the
leaves of the plant Pimenta dioica showed synergy
with the conventional drug ampicillin, which
reduced the MBC from more than 10 mg/mL to
300-500 pg/mlL against ESBL-producing E. coli
(15). Some of the other interesting combinations of
herbal extracts with conventional antibiotics that
showed synergy are as follows: Synergistic effects
of herbal products with traditional antibiotics
suggest they can work together to kill some
bacteria that are resistant to single medications.
In one study (17), carvacrol (an option found in

essential oils) combined with cefixime (an
antibiotic) produced a fractional inhibitory
concentration index (FICI) of 0.5, which

demonstrates that carvacrol and cefixime worked
together to inhibit bacterial growth. The use of
guava leaf extract along with the antibiotic
ofloxacin has also demonstrated promise against
antibiotic-resistant strains in treating urinary
tract infections (12). Furthermore, the use of
mannan (a polysaccharide from the yeast,
Saccharomyces cerevisiae) in combination with
ciprofloxacin or norfloxacin resulted in greater
than a 300% increase in the effectiveness of these
antibiotics against antibiotic-resistant strains
(14). Polyherbal extracts from Morinda lucida and
Pterocarpus santalinoides demonstrated
extremely low FICI values (as low as 0.09 mg/mL)
against multidrug-resistant (MDR) isolates,
indicating strong synergy and potential as
adjunctive therapies to treat resistant bacteria
(11).

(c) Phytochemical Profiles of Active Extracts

Active plant extracts may comprise complex
mixtures of bioactive compounds that play a role in
their antimicrobial and therapeutic activities.
Advanced techniques, such as High-Performance
Liquid Chromatography (HPLC), Gas
chromatography-mass spectrometry (GC-MS),
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etc., have been used to identify the bioactive
compounds from medicinal plants. Phenolic
compounds/flavonoids are the most commonly
found bioactive compounds, which have been
1dentified from many plants, including Origanum
vulgare, where sixteen phenolic compounds were
identified, as well as from the leaves of the guava
plant and the fruit of the Pimenta dioica plant (5;
12; 15). These compounds are well known for their
antioxidant and  antimicrobial  properties.
Alkaloids are another significant group of
bioactive compounds. Tetrandrine and other
alkaloids have been identified in plants like
Morinda lucida and Pterocarpus santalinoides (4;
11). Terpenoids are also significant in the
bioactivity of plant extracts. Eugenol has been
identified as the major bioactive compound in the
chloroform extract of Pimenta dioica (15). Besides
the above-mentioned major bioactive compounds,
several other phytochemicals like saponins,
tannins, and glycosides are commonly found in
various polyherbal formulations, which are
responsible for their combined bioactivity (11; 20).

Mechanisms of Action
(a) Membrane and Cell Wall Disruption

The principal mode of action for these various
types of extracts and bioactive compounds that
exhibit antimicrobial properties works by
destroying the envelope of bacterial cells, thereby
making the cells non-functional. This type of
action is particularly important for Gram-negative
bacteria, in which an outer membrane serves as a
protective barrier against many different
antimicrobial types. Of those compounds that were
tested, naringenin produced significant amounts
of damage to the bacterial cell wall. This has been
confirmed by observations made using scanning
electron microscopy (SEM) and through an
increased level of alkaline phosphatase (AKP)
activity. The increase in AKP activity represents a
change in cell wall permeability and structural
damage; therefore, demonstrating that naringenin
1s capable of causing disruption of the bacterial
envelope (2). The combined effect of tetrandrine
and colistin also produces a strong disrupting
effect on the outer membrane of the bacterial cell.
This combination produces a marked alteration in
the morphology of the bacterial cell, which can

include rupturing the outer cell membrane and
leaking of the intracellular materials, and
producing observable “patches and holes” on the
exterior surface of the bacterial cell. This type of
structural damage results in the loss of vital
cytoplasmic materials and complete death of the
bacterial cell, demonstrating the enhanced
effectiveness of combination therapy (4).
Moreover, both extracts from Origanum vulgare,
and its primary active chemical component,
carvacrol, showed considerable
membrane-disruptive action. The mechanism by
which these compounds disrupt membrane
integrity includes; alteration in the permeability
barrier of the cell membrane, thereby causing a
disturbance in the homeostasis of intracellular pH
levels, and an imbalance of inorganic ion
concentrations. Disruption of physiological
homeostasis is an important factor in affecting
bacterial metabolism and survival (5 and 17). In
addition, eugenol, a common phenylpropanoid
substance, is very effective at killing bacteria by
causing cell lysis. Eugenol allows leakage of
important intracellular components such as
proteins and lipids thus causing the compromise of
membrane integrity and resulting in irreparable
cell damage. This additional mode of action further
substantiates plant-derived compounds as
potential antimicrobial agents against resistant
strains of bacteria (15).

(b) Inhibition of Efflux Pumps and Proton
Pumps

Efflux pumps are a major component in the
development of antimicrobial resistance among
Gram-negative bacteria due to their ability to
remove a wide range of drugs from the organism,
resulting in less chemical concentration within the
cell and decreasing therapeutic effectiveness. The
mechanisms of these pumps, which typically
utilize the proton motive force, allow
multidrug-resistant bacteria to survive in the
presence of a variety of chemically diverse
antimicrobial agents. Therefore, one effective way
to reverse the mechanisms of efflux pumps is via
the use of efflux pump inhibitors (EPIs); given the
success of tetrandrine as an EPI, the use of
tetrandrine can result in an increase in the
intracellular concentration of drugs, enhancing
antimicrobial efficacy and thereby improving the
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potentiation of standard antibiotics used on
multidrug-resistant organisms (4). Also, extracts
from plants like Garcinia lucida and Theobroma
cacao have been found to have potent EPI activity.
These naturally occurring compounds affect the
functionality of bacterial efflux mechanisms,
thereby decreasing the capacity of pathogens to get
rid of antimicrobial substances. Consequently,
they increase the intracellular concentration of
antibiotics and enhance bactericidal activity. In
addition, extracts from Origanum vulgare and
Garcinia lucida have been demonstrated to inhibit
H*-ATPase proton pumps. These proton pumps
are vital for the maintenance of proton motive
force (PMF), which supplies both the
energy-generating capacity of cells as well as the
processes required for transporting substances
across cellular membranes, such as efflux
pumping. By impeding the use of energy produced
via protons (H') to drive the energy-generating
mechanism for transporting effluxes antibiotics
out of a cell, the extracts impair the energy source
required by bacteria to use their efflux pump
mechanism, thereby indirectly inhibiting efflux
drug transport. The combined effects of both
inhibiting direct efflux pumps and collapsing the
PMF produce a synergistic effect that promotes
the efficacy of antibiotics against
multidrug-resistant bacteria (5; 20).

(c) Molecular Modulation of Resistance Genes

Equol is a compound produced from isoflavone,
which comes from plant sources. In part, by acting
to inhibit transcription of the genes that encode for
the enzyme carbapenemases in K. coli, equol
effectively reduces synthesis of carbapenemase
enzymes that can hydrolyze and inactivate
carbapenems. The inhibition of transcription will
lead to a restoration of bacterial susceptibility,
thus making antibiotics more effective when used
to treat bacterial infections (1). Similarly, the
polyphenol-rich extracts from green tea (e.g.
catechins) have shown the ability to inhibit several
antimicrobial resistance genes, including mcr-1,
conferring to the efficacy of colistin; blaTEM,
conferring to the efficacy of a-lactam antibiotics;
and floR, conferring to the efficacy of phenicol
antibiotics. There is a high likelihood that green
tea extracts may be effective against MDR bacteria
at the molecular level due to the simultaneous
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inhibitory effects on several different resistance
genes (13). Some phytochemicals not only regulate
transcription, but they also directly influence
resistance-associated proteins. For example,
tetrandrine has been shown to directly inhibit the
action of the MCR-1 protein via direct molecular
interactions. Tetrandrine interacts with three
important amino acids located in the active site of
the MCR-1 enzyme, Leu419, Ala420, and Tyr476,
by forming hydrogen bonds between its structure
and these residues. Tetrandrine disrupts the
ability of the MCR-1 enzyme to catalyse the
modification of lipid A, which is required for
colistin resistance. Therefore, while tetrandrine
inhibits the expression of resistance genes, it also
directly inhibits the function of the resistance
protein (4).

(d) Anti-virulence and Biofilm Inhibition

Extracts from plants have been shown to have
an effect on the way pathogenic bacteria utilise
virulence factors; these infectious agents are vital
to establishing, maintaining, and amplifying
infections. Conventional antibiotics generally
focus on killing and inhibiting the growth of
pathogenic  bacteria, while anti-virulence
strategies are designed to undermine these
disease-causing organisms by interfering with
their ability to communicate, adhere, and create
protective structures (biofilm formation) for
themselves. Anti-virulence strategies will also
decrease the ability of pathogenic organisms to
disseminate and grow, therefore decreasing any
selection pressures that would contribute to the
emergence of antimicrobial resistance. A Kkey
bioactive component of many aromatic plant
extracts 1s carvacrol, which has been shown to
dramatically down-regulate the expression of
multiple important virulence-associated genes,
including luxS and pfs-both of which are wvital
components of the quorum-sensing system (a
mechanism by which bacteria communicate to
coordinate specific behaviours, including biofilm
production, movement, and production of
virulence factors). By inhibiting the expression of
luxS and pfs genes, carvacrol interferes with
quorum-sensing systems, thereby preventing
bacteria from communicating and forming stable,
long-lasting  biofilms (17). Several other
compounds, including Equol and Origanum
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vulgare extract, have been shown to possess
significant antibiofilm activity. Both of these
agents are effective at both preventing initial
biofilm formation and disrupting previously
formed biofilms. Biofilms are incredibly complex
communities of microorganisms that are
surrounded by a thick layer of extracellular
polymeric substances (EPS) produced by the
microbes themselves. EPS  protects the
microorganisms from the actions of the host
Immune system and antimicrobial agents, making
biofilms strongly associated with the development
of chronic, recurrent, and persistent infections,
especially in clinical circumstances involving
long-term indwelling medical devices. The ability
of Equol and Origanum vulgare to penetrate into
and destabilise the EPS increases the
susceptibility of bacteria to antimicrobial therapy
and results in improved outcomes (1; 5).

Clinical Isolate Efficacy and In Vivo Evidence

The effectiveness of these extracts extends to
all laboratory-produced organisms that have been
developed for research purposes. In addition, there
are many studies involving the use of clinical
strains, including extended-spectrum
beta-lactamase (ESBL) producers, and
carbapenem-resistant Enterobacteriaceae (CRE)
from urinary tract infections (UTI) and other types
of infections to show efficacy/incidence of infection
(10). For successful therapeutic use of an
antimicrobial agent, the efficacy must be
confirmed in an animal model, preferably in vivo;
In a neutropenic mouse model, the combination
therapy of tetrandrine and colistin significantly
reduced (2.76 logl0 CFU/g) the amount of mecr-1
bearing E. coli than that of colistin (5.60-log 10
CFU/g) alone. Additionally, symbiotic
(Bifidobacterium breve and
galacto-oligosaccharides) have demonstrated their
protective capacity against multidrug-resistant
Acinetobacter baumannii in murine models,
showcasing the potential of utilising natural
products in treating infections (19).

Limitations of the Evidence

There are also many limitations to the present
literature regarding the antimicrobial efficacy of
plant extracts; one limitation being the lack of
standardisation between studies in how plant

extracts are prepared and evaluated. The
biological activity and reproducibility from study
to study may be affected by the variability in
potency and composition of the extracts, which is
dependent upon several variables: The plant
species used as the source of the extract, the
geographic region in which the plant was grown,
the conditions of the plant at harvest, and the
methods used for extracting the active components
of the plant. Quantitatively, the effect of these
variables is difficult to determine without the
elimination of the variables listed above and/or
appropriate reporting of minimum inhibitory
concentrations (MICs) (Palma et al., 2023). Many
researchers have demonstrated that when plant
extracts are tested along with traditional
antibiotics, these extracts have a synergistic

impact. However, when examining
carbapenem-resistant strains of
Enterobacteriaceae, one often finds -either

non-existent baseline MIC values or insufficient
data to support their use as effective monotherapy
agents (3; 5). Additionally, the majority of
phytochemical toxicity profiles published to date
show only limited levels of support for the absence
of significant toxicity. Some sets of data have
shown little evidence of hemolysis in pure extracts
of Origanum vulgare; unfortunately, however,
there remain very few studies documenting the
long-term safety, toxicity, and pharmacokinetic
profiles for many of the various phytochemicals (5;
8). Further complicating matters is the variability
between methodologies wused in different
publications; different experimental designs,
design of synergy testing, use of different clinical
isolate panels, etc., make comparisons of results
and therefore the validity of conclusions difficult to
establish across the literature.

Research Gaps and Future Directions

There is ample existing evidence to indicate a
number of areas that demand investigation in
future research. A primary limitation of the
current evidence 1s that there are very few
adequately designed, large-scale human clinical
trials assessing the safety, efficacy, and
therapeutic utility of all herbal-antibiotic
combinations. There have been a number of in
vitro and preclinical studies demonstrating that
many plant extracts exhibit substantial
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antimicrobial activity against resistant
organisms; however, their clinical utility has not
been established using comprehensive clinical
assessments (18). Formulation science represents
another 1mportant area of vresearch; the
development of more advanced drug delivery
systems for phytochemicals may allow for more
effective  utilisation of these compounds
therapeutically. Nanotechnology has been applied
to 1improve the stability, solubility, and
bioavailability of active compounds in plants via
various methods of putting them on or in different
nanotechnology systems (e.g., Plant extracts in
silver nanosphere or Plant extracts in other nano
formulations) (19). Further research is necessary
to provide better insight into how these compounds
derived from plants work by understanding the
mechanisms by which they are antimicrobial.
Specifically, while membrane disruption and
increased permeability of the cell have been well
studied as Dbasic mechanisms to explain
plant-based compounds, much is still unknown
about specific molecular targets and pathways
that are affected by specific plant extracts. By
utilising modern “omics” (e.g., transcriptomics,
proteomics), it may be possible to gain further
insight into the molecular interactions and
biological responses associated with these
compounds. As a result, we may be able to clarify
how these compounds produce the antimicrobial
effects observed with them.

Conclusion

Herbal extracts have been extensively
investigated for their antimicrobial potential
against carbapenem-resistant Escherichia coli, a
pathogen of significant clinical concern due to its
high level of resistance to last-resort antibiotics.
However, recent scientific studies also show that
some of these compounds (derived from plants)
enhance the effectiveness of currently available
antibiotics when combined with them, which is
especially important in overcoming mechanisms of
resistance and in returning bacterium to its
susceptible state. Of the wvarious bioactive
compounds identified in plant extracts, the key
antimicrobial and resistance-modifying
compounds are equol, naringenin, and
tetrandrine. These three compounds produce their
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antimicrobial effects by at least three unique, but
complementary, mechanisms of action: disruption
of the integrity or permeability of the bacterial cell
membrane, inhibition of the ability of the
bacterium to extrude antibiotics from within, and
interference with the ability of antibiotics to
penetrate into the bacterial cell and decrease
susceptibility to traditional antibiotic therapies.
Through these various actions, these plant-based
compounds alter the structural characteristics of
the bacterial membrane allowing the antibiotic to
have greater ability to penetrate into the
bacterium. They also inhibit efflux pump activity
allowing for longer residence time of the
antibiotics within the bacterium. In addition, all
three compounds have been shown to inhibit the
expression of genes involved in antimicrobial
resistance, continuing to target the genetic basis of
antimicrobial resistance.

The results of these mechanisms are a
synergistic increase in the efficacy of antibiotics
(especially for important drugs like meropenem
and colistin, usually used as a last resort therapy).
Herbal compounds may also increase the
effectiveness of these antibiotics; therefore, they
could help lower the dose needed, reduce the toxic
side effects associated with them and delay the
development of further resistant organisms. These
observations suggest that herbal compounds could
be used as adjuncts to antimicrobial therapy,
particularly to help manage infections caused by
multidrug-resistant and carbapenem-resistant
organisms.

Even though promising results were obtained,
these results have generally not been tested in
patients; most of the data so far have been based
on in vitro or early laboratory studies. As such,
published results must be confirmed by a large
clinical study to be useful to patients. Further, the
data must be supported by carefully controlled
doses with known pharmacokinetics,
bioavailability, and no toxicity; determining these
factors before they are included in routine
treatment regimens. In conclusion, the use of
plant-extracted bioactive compounds as an
innovative way to treat E. coli that has developed
resistance to carbapenems holds great promise. In
addition, their ability to act at many different sites
of resistance and to enhance the activity of
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already-existing antibiotics means that these
compounds may provide an alternative pathway to
prolong the life of newly discovered antimicrobials.
However, further research will be required before
we can support their use clinically.
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Abstract

An experiment was carried out at the Nursery Farm Kalyanpur, Department of Fruit Science, C. S.
Azad University of Agriculture and Technology, Kanpur (UP), during 2025 to enhance fruit retention,
yield, and quality attributes of Aonla cv. NA-7 through the foliar application of boron and zinc, using
nine treatments viz., Ti-Borax @0.4%, Ts-Borax@ 0.6%, Ts-ZnSO4 @ 0.6%, T4-ZnSO4 @ 0.8%, Ts-Borax @
0.4% + ZnSO4 @ 0.6%, Ts-Borax @ 0.4% + ZnS04 @ 0.8%, T7- Borax @ 0.6% + ZnSO4 @ 0.6%, and Ts-Borax
@ 0.6% + ZnSO4 @ 0.8%, T9-Control (Water spray) on twenty eight year old plants of aonla cv. NA-7
replicated thrice in Randomized Block Design. From the experiment, it is reported that the higher
concentration of Borax @ 0.6% + ZnSO4 @ 0.8% (Ts) significantly enhance fruit retention (33.88%), fruit
yield (86.12kg/plant), fruit length (4.16cm), fruit width (4.98cm), fruit volume (31.24cc), fruit weight
(36.55g), specific gravity (1.17g/cc), pulp weight (35.23g), pulp: stone ratio (26.71), T.S.S. (14.86°Brix),
ascorbic acid (625.56mg/100g pulp), total sugars (12.90%) and with minimum stone weight (1.32g)
reduced fruit drop (66.12%), and titratable acidity (1.65%) followed by Borax @ 0.4 % (T1) as compared to
control (Tg) treatments.

Keywords: Aonla, Zinc, Boron, Fruit retention, Yield and Quality attributes.
Introduction
Aonla (Emblica officinalis Gaertn.) belongs to

determinate shoots in February and March. It is
successfully cultivated in a wide range of soils

the family Euphorbiaceae and is indigenous to
tropical Southeast Asia, particularly in the
Central and Southern parts of India (10). The
Indian gooseberry fruit pulp is a key component of
the powdered triphala and chyawanprash, which
treat various disorders. The fruit is often used to
make canned food (murabba), pickles, candies,
jams, sauces, dried chips, and other products.
Fruits contain water (81.2%), protein (0.5%), fat
(0.1%), carbohydrates (14.1%), calcium (0.05%),
phosphorus (0.02%), and iron (1.2%). It contains
phenols, polyphenols, tannins, and alkaloids, and
1s a rich source of vitamin C (600 mg/100 g of pulp),
more than guava and citrus fruits. Aonla is hardy
and drought-resistant, with a deep root system
and a deciduous appearance, since it sheds its

(Sodic and Saline), but a well-drained, fertile
loamy soil is best. It can also do well even in
moderately alkaline soil.

Climatic conditions in arid and semi-arid to
dry, hot, and cold arid regions, and in rain-fed to
rainfall areas, are suitable for aonla cultivation.
Effective management of accessible natural
resources 1s crucial to the success of organic
agriculture in dry environments (17). The foliar
application of micronutrients is vital in improving
fruit set, productivity and quality in fruit plants. It
also plays a beneficial role in recovery from
nutritional and physiological disorders.
Micronutrients play a significant role 1in
regulating many physiological processes and are
widely used in the fruit industry. In this context,
many scientists have conducted studies on various



179

fruit crops, including aonla, highlighting a
distinct emphasis on enhancing growth,
flowering, fruiting, and yield quality. In India,
widespread micronutrient deficiencies, especially
of zinc and boron, in horticultural crops have been
reported. Reduced yield and sometimes reduced
quality, due to necrosis and fruit drop, are
associated with boron and other micronutrient
deficiencies. Indian gooseberry is a minor fruit
crop, and no systematic research has been
conducted to improve aonla fruit set, yield, and
quality using boron (20). Boron also plays a vital
role in ovule development, pollen tube growth,
and fruit set. The intensity of damage caused by
fruit dropping can be minimized by foliar
application of nutrients which also help improve
aonla yield and fruit quality. Similarly, zinc also
plays an important role in the growth and
development of fruits. It is one of the essential
elements in the formation of chlorophyll and,
hence, is helpful for photosynthetic activity. Zinc
1s a constituent of some enzymes, indole-3-acetic
acid in plants, and is necessary for CO2 evolution,
carbohydrate utilization, and phosphorus
metabolism, and is effective in retaining the
maximum fruit percentage per panicle with
increasing fruit size and fruit weight in many
fruits (25). The combined application of boron and
zinc at higher concentrations resulted in higher
yields and better-quality aonla fruits (2). Keeping
these in view, the present investigation was
carried out to study the influence of boron and
Zinc sulphate on aonla fruits in the plains of
northern India.

Materials and Methods

The study was conducted with 28-year-old
aonla trees planted in the Nursery Farm,
Kalyanpur, Department of Fruit Science, C.S.
Azad University of Agriculture and Technology,
Kanpur (U.P.). Twenty-seven well-established,
healthy, and uniform aonla trees of cv. NA-7 were
selected for the experimental purpose. The
experiment was laid out in a randomized block
design with nine treatments viz., T1-Borax @0.4%,
Te-Borax@ 0.6%, Ts-ZnSO4 @ 0.6%, T4-ZnSOs @
0.8%, Ts-Borax @ 0.4% + ZnSO4 @ 0.6%, Ts-Borax
@ 0.4% + ZnSO4 @ 0.8%, T7-Borax @ 0.6% + ZnSO4
@ 0.6%, and Ts-Borax @ 0.6% + ZnSOs4 @ 0.8%,
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To-Control (Water spray), with three replications.
Foliar applications of boron and zinc were made at
the fruit-setting stage on August 13, 2025.
Standard and uniform cultural operations, plant
protection measures, and basal applications of
manures and fertilizers were carried out according
to the recommended schedule for aonla in all
treatments. The observations were recorded for
fruit drop, fruit retention, and yield, along with
various other physico-chemical parameters of the
fruits. Yield parameters comprised fruit weight (g),
fruit diameter (cm), fruit length (cm), stone weight
(g), pulp weight (g), fruit volume (ml), and
yield/plant (kg). Fruit weight, length, and diameter
were measured from randomly selected fruits in all
four canopy directions. Quality parameters
included total soluble solids (°Brix, by hand
refractometer), ascorbic acid content (mg/100g
pulp) was determined by the procedure detailed
(AOAC, 1980), titratable acidity (%) by acid-alkali
titration (AOAC, 1980), total sugars (%) estimated
by Fehling’s solution method and TSS: acid ratio
computed as the quotient of TSS and acidity values

(AOAC, 1980).

Results and Discussion

Fruit drop and retention per cent: During
the present study, fruit drop was significantly
reduced, and fruit retention was higher in plants
treated with different micronutrient doses (Table
1). Reduced amount of fruit drop (66.12%) and
higher fruit retention (33.88%) were recorded with
the application of Borax @ 0.6% + ZnSO4 @ 0.8%. In
contrast, the maximum fruit drop (80.85%) and
minimum fruit retention (19.15%) were recorded
under the control. The reduction in fruit drop and
increase in fruit retention percentage by the borax
spray may be due to the indirect action of boron in
auxin synthesis that delayed the formation of the
abscission layer during the early stage of fruit
development. Various workers, such as (8) in ber
cv. Gola, (22) litchi cv. Purvi, (23), (25), and (2) in
aonla cv. NA-7 has also reported reduced fruit drop
with the highest fruit retention.

Fruit size (length and width)

In the present investigation, fruit size (length
and width) was significantly increased by the foliar
application of micronutrients in different
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concentrations (Table 1). Plants treated with
Borax @ 0.6% + ZnSO:s @ 0.8% produced
significantly higher fruit length (4.16 cm) and
width (4.98 cm). Meanwhile, the plants kept under
control produced fruits with shorter length (3.65
cm) and width (4.22 c¢m). This improvement in
fruit size might be due to greater mobilization of
food materials from their production sites to
storage organs under the influence of applied
micronutrients. Since boron plays an important
role in nitrogen metabolism and other changes in
fruits, it might have increased the fruit size. Thus,
Iincreases in fruit size with the application of Borax
and ZnSO4 might be due to the significant increase
in cell division and cell enlargement induced by
NAA treatment. The results obtained are in
consistent with the findings of (18), (26), and (25)
in Aonla cv. NA-7.

Fruit weight and volume

The weight and volume of fruits were
significantly influenced by the foliar application of
Borax and ZnSO4 (Table 1). Significantly higher
weight (36.55 g) and volume (31.24 cc) were
recorded for fruits produced by plants treated with
Borax @ 0.6% + ZnSO4 @ 0.8%. It is also observed
that with a reduction in micronutrient doses
(boron and zinc), fruit weight and volume also
decrease but remain significantly higher than in
the control, which produced the minimum fruit
weight (28.02 g) and volume (27.24 cc). This
increase in fruit weight and volume might be due
to improved nutrient and photosynthate supply in
plants treated with foliar applications of Borax
and ZnSO4, which may have facilitated the rapid
synthesis of metabolites, mainly carbohydrates,
and their translocation to the fruits, resulting in
relatively greater pulp content. Boron is an
essential nutrient that is involved in several
physiological processes in fruit, including the
maintenance of cell wall integrity and to some
extent, inhibiting the senescence of litchi fruits.
These results are in accordance with the findings
of (25) and (2) in aonla; (14) and (15) in litchi.
Fruit specific gravity

All treatments with different micronutrient
doses showed significant effects on fruit specific

gravity (Table 1). Fruits with a higher specific
gravity (1.17 g/cc) were produced by plants treated
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with Borax @ 0.6% + ZnSO4 @ 0.8%. In contrast,
fruits with the lowest specific gravity (1.03g/cc)
were produced from untreated control plants. This
increase in specific gravity with higher
concentration of Borax and ZnSO4 might be due to
an increased fruit pulp and decreased stone
weight. These findings are consistent with those of
(18), (19), and (2) in aonla.
Fruit pulp weight

Fruit pulp weight was significantly increased
by foliar application of micronutrients at different
doses (Table 1). Significantly more weight of pulp
(35.23 g) was recorded in fruits, which were
harvested from the plants treated with the Borax
@ 0.6% + ZnS04+@ 0.8%, closely followed by 32.85 g
of pulp in fruits produced from with Borax @ 0.6%
+7ZnS0O4 @ 0.6% treatment, whereas fruits with the
minimum pulp weight (26.15 g) was recorded in
fruits produced from untreated (control) plants.
This increase in fruit pulp weight with zinc
application is due to zinc’s direct involvement in
accelerating biochemical activity in plant parts
and in the translocation of mineral nutrients
during fruit development. These findings are
consistent with those of (3) in strawberry, (27) in
aonla, and (9) in ber.

Fruit stone weight and pulp: stone ratio

A reduction in stone weight with an increased
pulp-to-stone ratio was observed with the
application of different doses of micronutrients
compared to the control (Table 2). The minimum
stone weight (1.32 g) and higher pulp: stone ratio
(26.71) were recorded in the fruits produced from
the plants treated with Borax @ 0.6% + ZnSO4 @
0.8%, whereas the maximum weight of stone (1.87
g¢) and minimum pulp: stone ratio (13.98) were
recorded in fruits produced from plants kept as
untreated control (Ty). This improvement in the
pulp-to-stone ratio might be due to greater
accumulation of food substances in elongated cells
and in the intercellular spaces of the mesocarp.
These results have been supported by the findings
of (27), (23), (6) and (19) in aonla.

Fruit yield (kg/plant)

The foliar application of different doses of
micronutrient treatments significantly influenced
the fruit yield per plant as compared to the control
(Fig. 1). Foliar application of increased
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concentration of borax and ZnSO. significantly
improved the yield, resulting in 86.12 kg/plant,
which was recorded under higher concentration of
Borax @ 0.6% + ZnSO4 @ 0.8%. In contrast, the
lowest fruit yield of 71.74 kg/plant was recorded in
plants kept under control (Tg). This significant
increase in fruit yield in plants treated with the
combined application of Borax and ZnSO4might be
due to their direct role in the synthesis of
photosynthates, which increase fruit size, weight,
and volume, ultimately increasing in the yield.
Results on fruit yield are in agreement with those
of (16) for guava and (21) for strawberry cv.
Chandler; (26), (28), (5) in phalsa, (2022), and (7) in
cape gooseberry.

Total Soluble Solids and Total sugars

The maximum total soluble solids and total
sugars content (14.86°Brix and 12.90%,
respectively) were recorded in the fruits produced
from the plants treated with the foliar application
of Borax @ 0.6% + ZnSO4 @ 0.8%, followed by 14.78
0Brix of T.S.S. and 12.80% of total sugars,
respectively were recorded from the plants treated
with the application of Borax @ 0.6% + ZnSO4 @
0.6% (T7). In contrast, the minimum T.S.S. (12.87
°Brix) and total sugar content (11.20%) were
recorded in the control (untreated) plants (Table
2). This increase in T.S.S. and total sugars with
boron and zinc sulphate application might be due
to these micronutrients (boron and zinc) being
mvolved in photosynthesis, leading to greater
accumulation of oligosaccharides and
polysaccharides. Besides this, they also regulate
enzymatic activity and metabolize carbohydrates
into simple sugars. (28) in phalsa and (4) in litchi
also recorded an increase in total sugar and T.S.S.
content with higher concentrations of boric acid
treatments. These results conform with the
findings of (11), (19) in aonla, (7) in cape
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gooseberry, (14) and (13) in mango cv. Amrapali.
Titratable acidity

Titratable acidity content in fresh fruits was
significantly decreased by the application of
different doses of micronutrients. The minimum
titratable acidity (1.65%) was found in the fruits
produced from the plants treated with Borax @
0.4%, closely followed by titratable acidity (1.68%)
from ZnSO4 (0.8%) application. In contrast, the
maximum content (1.98 %) was recorded in fruits
produced from untreated control plants (Table 2).
This decrease in the titratable acidity content of
fruits might be due to increased T.S.S. and total
sugars. Acids under the influence of chemicals
might have been converted into sugars and their
derivatives by reactions that reverse the glycolytic
pathway, used as substrates for respiration, or
both. The results support the findings of (18) in
aonla cv. Banarasi, (24), (11) and (19) in aonla.

Ascorbic acid

The maximum ascorbic acid content (625.56
mg/100g pulp) was recorded in the fruits produced
from the plants treated with Borax @ 0.6% +
ZnS0O4 @ 0.8% closely followed by 618.53 mg/100g
pulp and 614.87 mg/100g pulp with Borax @ 0.6% +
ZnS0s @ 0.6% (T7) and Borax @ 0.4% + ZnSO4 @
0.8% (Te), respectively, which remained higher
than rest of the other treatments. In contrast, the
lowest ascorbic acid content (583.56 mg/100g pulp)
was observed in the control treatment. This
increase 1n ascorbic acid content with the
application of borax and zinc is due to
uninterrupted synthesis of its precursor, such as
glucose-6-phosphate, during the conversion of
starch into various sugars, and to a low oxidation
rate. The findings are consistent with the results
of (18), (14), (6), (23), (12) in guava, and (14) in
litchi.

Table 1. Effect of foliar application of Boron and Zinc on fruiting, yield and physical attributes of

Aonla cv. NA-7

Treatments Fru?) /drop retf;rrllltliton lzflléltth vl\:;f(lllgl Fr;llit vgfllllrlrtle Pulp .'sjtone Fruit yield

0) (%) (cm) (cm) weight (g) (cc) weight (g) |weight (g) | (kg/plant)
T1 -Borax @ 0.4% |71.24 28.76 4.01 4.62 32.08 29.65 30.43 1.65 79.24
T2-Borax @ 0.6% 71.65 28.35 4.03 4.65 32.12 29.42 30.53 1.59 78.63
T3-ZnS04 @ 0.6% | 72.21 27.79 3.93 4.51 30.32 28.35 28.79 1.54 77.52
T4-ZnSO4 @ 0.8% |72.55 27.45 3.98 4.57 31.85 30.12 30.29 1.56 77.14
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T5-Borax @ 0.4 % | 70.38 29.62 4.06 4.68 32.25 29.27 30.77 1.48 81.87
+ ZnSO4 @ 0.6 %

T6-Borax @ 0.4 % | 69.54 30.46 4.1 4.79 33.32 29.85 31.91 1.41 83.32
+ ZnS0O4 @ 0.8%

T7-Borax @ 0.6 % | 68.83 31.17 4.14 4.85 34.21 30.1 32.85 1.36 84.96
+ ZnS0O4 @ 0.6%

T8-Borax @ 0.6 % | 66.12 33.88 4.16 4.98 36.55 31.24 35.23 1.32 86.12
+ ZnS0O4 @ 0.8 %

T9-Control 80.85 19.15 3.65 4.22 28.02 27.24 26.15 1.87 71.74
S.E. (m.) = 0.79 0.79 0.05 0.07 0.41 0.36 0.42 0.03 0.95
C.D. at 5% level 2.38 2.38 0.16 0.21 1.24 1.07 1.27 0.08 2.86

Table 2. Effect of foliar application of Boron and Zinc sulphate on fruit quality attributes of aonla

cv. NA-7
Specific gravi Pulp: stone T.S.S. Titratable Ascorbic acid
Treatments p (g /cgc ) ty rafio %) (0 Brix)\ acidity (%) (mg/100g) Total sugar (%)

T1 -Borax @ 0.4% 1.08 18.47 13.78 1.65 607.53 12.4
T2-Borax @ 0.6% 1.09 19.21 14.16 1.77 610.28 12.8
T3-ZnS04 @ 0.6% 1.07 18.7 13.75 1.72 602.27 11.8
T4-ZnSO4 @ 0.8% 1.06 19.45 13.87 1.68 598.74 11.9
T5-Borax @ 0.4 % + | 1.1 20.8 14.62 1.79 609.56 12.7
ZnS04 @ 0.6 %

T6-Borax @ 0.4 % + | 1.12 22.66 14.65 1.86 614.87 12.8
ZnS04 @ 0.8%

T7-Borax @ 0.6 % + | 1.14 24.16 14.78 1.82 618.53 12.8
ZnS04 @ 0.6%

T8-Borax @ 0.6 % + | 1.17 26.71 14.86 1.79 625.56 12.9
ZnS04 @ 0.8 %

T9-Control 1.03 13.98 12.87 1.98 583.56 11.2
SE (m) = 0.02 0.52 0.24 0.03 0.18 0.18
C.D. at 5% level 0.06 1.58 0.72 0.08 0.55 0.54

100
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60
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20
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0
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CONCLUSION

From the results obtained during present
Iinvestigation, it can safely be concluded that
plants treated with Borax @ 0.6% + ZnSO4 @ 0.8%
have significantly reduced fruit drop with
increased fruit retention along with increase in
physical parameters like fruit size (length and
width), fruit weight, fruit volume, fruit specific
gravity, pulp weight, fruit yield (kg/plant), as well
as chemical attributes like T.S.S., total sugars and
ascorbic acid content of fruits with reduced stone
weight and titratable acidity. Based on these
results, it is recommended that, to obtain higher
yields of quality aonla fruits, plants should be
sprayed with a combination of Borax @ 0.6% +
ZnS04 @ 0.8% in the north Indian plains of Uttar
Pradesh.
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Abstract

Agroforestry has emerged as a sustainable land-use option for enhancing farm income while
augmenting domestic wood supply. The present study evaluated the economic viability of poplar-based
agroforestry systems in Saharanpur district of Western Uttar Pradesh, focusing on boundary and block
plantations integrated with wheat and paddy crops. The study covered five tehsils and involved data
collection from 150 agroforestry farms using stratified random sampling. Economic analysis was
conducted over a six-year rotation using net present value (NPV) and benefit—cost ratio (BCR) at a 10%
discount rate.

Results indicated widespread adoption of agroforestry dominated by Populus deltoides (G-48).
Poplar-based boundary plantation with wheat and paddy proved more profitable than block plantation,
generating a net return of "19.23 lakh ha !, an NPV of *12.45 lakh ha !, and a BCR of 3.15:1, compared to
a BCR of 2.89:1 under block plantation. The study concludes that boundary plantation of poplar with
wheat and paddy is the most economically viable system in the district. Besides improving farm
profitability, this system contributes significantly to meeting industrial wood demand and can be
replicated in regions with similar agro-climatic and topographical conditions across the Indo-Gangetic
Plains.

Key words: Agroforestry, Populus deltoids, Wheat, Paddy, Benefit—cost ratio, Net present value,
Boundary and block plantation

Introduction To address raw material shortages and control
production costs, wood-based industries have
increasingly strengthened market linkages with
local farmers through agroforestry partnerships.
These collaborations have facilitated the adoption
of technology-intensive tree plantations on private
agricultural lands. A study by TERI (2000)
reported that the adoption level of agroforestry in
Saharanpur district exceeded 90 per cent,
indicating its widespread acceptance among
farmers.

India's wood and wood-based products sector
continues to face a substantial domestic supply
deficit, leading to a growing dependence on
imports of both raw materials-such as logs and
timber-and processed products, including plywood
and medium-density fibreboard (MDF), to meet
the rising demand from the furniture and
construction industries (13). In this context,
agroforestry systems in Western Uttar Pradesh,
particularly in Saharanpur district, have emerged )
as a critical and sustainable source of industrial ~ Four major agroforestry systems have been
wood, predominantly through the cultivation of 1de1}t1f1ed in the dlStI‘lCtz ngmely agrl-sﬂvmulture,
poplar and other fast-growing tree species. agri-horticulture, agri-silvi-horticulture, and
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silvi-horticulture. Among these, the
agri-silviculture system is the most prevalent,
with wheat and paddy being the dominant
intercrops grown alongside poplar plantations.
Agroforestry systems offer a combination of
short-term and long-term benefits to farm
households by enhancing livelihood security and
promoting sustainable resource use. However, the
adoption of such systems depends not only on the
biological compatibility of agricultural crops and
tree species but also on their economic viability
and profitability.

In this context, the present study aims to
assess the economic  performance and
sustainability of different agroforestry systems
practiced in Saharanpur district of Western Uttar
Pradesh. The findings are expected to provide
valuable insights for farmers, policymakers, and

other stakeholders, enabling informed
decision-making and promoting sustainable
farming systems where diversified cropping

patterns, wood demand, and farmers' livelihoods
coexist in a mutually reinforcing manner.

Materials and Methods

Study area and administrative setup

The study was conducted in Saharanpur
district, located in the north-western part of Uttar
Pradesh, India. The district comprises five
tehsils-Behat, Deoband, Nakur, Rampur
Maniharan, and Saharanpur-and 11 development
blocks.  Geographically, it lies between
29°34'-30°23'" N latitude and 77°05-77°58 E
longitude, covering an area of 3,689 km? with an
average elevation of 284 m above mean sea level.
Saharanpur forms the northernmost part of the
Doab region between the Ganga and Yamuna
rivers and is largely plain, except for the Shiwalik
hills in the northern and northeastern parts. The
Yamuna is the major river, along with Solani,
Hindon, Ratmau, and Nagdev.

Demographic profile

According to the Census of India (2011),
Saharanpur district has a population of 3.47
million, of which 69.23% resides in rural areas and

30.77% in urban areas, with an average population
density of 940 person/km?.
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Soil, climate, and rainfall

The district falls within the western
Indo-Gangetic Plain and is characterized by
alluvial soils, predominantly sandy to sandy loam
in texture. These soils are highly permeable with
low water-holding capacity and are prone to
erosion. The climate 1s tropical sub-humid,
representing a transitional zone between the dry
Punjab plains and the humid Middle Ganga
plains. Annual rainfall varies from 498 to 1,566
mm, while temperatures range from 6.6°C in
winter to 45.0°C in summer, with a mean annual
temperature of about 23.3°C.

Land holding and Land use pattern

The average landholding size in the district is
1.27 ha, indicating the dominance of small and
marginal farmers (Statistical Abstract, U.P.,
2013). More than 75% of the total reporting area is
under net sown area. The gross cropped area is 4,
14,297 ha, reflecting intensive agricultural
practices in the region.

Irrigation

The irrigation coverage has been much higher
in Saharanpur district to the extent that 93.40 % of
the net area sown in the district has been brought
under irrigation. In this way most of the cultivated
land 1is irrigated in the district. Tube wells and
canals are the major source of irrigation in the
district (Statistical Abstract, U.P., 2013).

Pilot study
A pilot study was conducted on 250
respondents (50 per tehsil) to adopt the

appropriate methodology, selecting sample size &
location, cropping pattern, agroforestry practices
and other information to carry out research on
objectives. Selection of respondents was done by
using snow-ball sampling method also known as
network, chain or reputational sampling. These
respondents were not being included in the final
sample.

Sampling procedure

A stratified random sampling technique was
adopted for the study, with the district divided into five
strata based on tehsils-Behat, Deoband, Nakur,
Rampur Maniharan, and Saharanpur-representing
different topographic conditions. Three villages were
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randomly selected from each stratum using Census
2011 village numbers, resulting in a total of 15 sample
villages. From each village, agroforestry farms were
randomly selected for both boundary and block poplar
plantations, yielding a total of 150 sample farms. Crop
yield estimation for wheat and paddy was carried out
using five randomly placed 1 X 1 m? quadrats per farm
under shaded and unshaded conditions, while tree
growth parameters were recorded from 20 randomly
selected poplar trees per farm.

Economics of Existing Agroforestry Systems

All inputs and outputs of agroforestry practices
were recorded on a per-acre basis and converted to
a per-hectare basis, as farmers commonly divided
their land into quadrats, with an average quadrat
size of one acre.

Farmer Estimates

Crop production data were collected through
structured farmer interviews, wherein farmers
reported yields at plot, field, or farm level. Costs
and returns were estimated on a per-hectare basis
for poplar-based agroforestry systems over a
six-year rotation, including all tree establishment
and management inputs up to poplar harvesting.

Measurement of Cost and Benefit Variables
(I) Input Cost

Input costs for poplar-based boundary and
block agroforestry systems with wheat and paddy
were estimated for a six-year period (2011-16)
across all tehsils of Saharanpur district. Input
costs included: Cost A, covering establishment and
management of poplar trees; Cost B, comprising
operational and management expenses for wheat;
Cost C, including all cultivation costs for paddy;
and Cost D, representing the rental value of owned
land. All cost components were combined and
converted to a per-hectare basis to estimate total
production costs for the agroforestry systems.

(I1) Output / Benefit / Return

Returns from poplar-based agroforestry
systems were estimated for a six-year period.
Output A included income from poplar in the form
of sale of pruned wood and auction value of
standing trees. Output B comprised returns from
wheat grain and straw yields, while Output C
included per-hectare returns from paddy grain and
straw yields recorded from agroforestry farms.

Divya Yadav, Charan Singh and Harikesh Singh

Economic Evaluation

Economic evaluation was carried out to assess
the financial feasibility of tree-crop based
agroforestry systems by analysing the flow of costs
and returns over the crop life cycle. The
productivity of invested capital was examined
using discounted cash flow measures, including
the discount factor, discounted rate of interest, net
present value (NPV), and benefit-cost ratio (BCR),
to evaluate the economic viability of existing
agroforestry practices.

(1) Discount factor: A discount factor is a decimal
number multiplied by a cash flow value to
discount it back to the present value.

The discount factor formula is:

Discount Factor = 1/ (1 + Discount Rate) * Period
Number

(11) Discounted rate of interest: The discount rate
also refers to the interest rate used in discounted
cash flow analysis to determine the present value
of future cash flows. For this study, ten percent
discounted rate of interest is calculated to obtain
discounted cash inflows and outflows

(111) Net present value Net present value is the
difference between the present value of cash
inflows and the present value of cash outflows that
occur as a result of undertaking an investment. It
may be positive, zero or negative. If the NPV is
higher for agroforestry than for all feasible
alternatives, it 1s potentially adoptable (10).

Net present value = Z:L_ 0 Rt-Ct
“a+1i)!
Where, Rt = total return/benefits for a period of t

year
Ct = total cost for a period of t years

1= discount rate

t = time period

n = total number of periods
Benefit cost ratio (BCR): The BCR is calculated
by dividing the total discounted value of the
benefits by the total discounted value of the costs.

(iv)

Rt
. o n (1 + L)t
Benefit cost ratio = Z =0~ (%
1+
Where, Rt= total return/benefits for a period of t

year
Ct= total cost for a period of t years

1= discount rate



Economic Assessment of Agroforestry Systems in Saharanpur District of Western Uttar Pradesh

t= time period
n= total number of periods
Statistical analysis

Two independent samples t-test was used to
test the mnull hypothesis by Statistical
Programmes version 8 (STPR8). Mean,
percentage, frequency and percent difference
were calculated by using MS-Excel.

Results and Discussion

From the pilot study, it was observed that
agroforestry has been adopted on large scale in
the all tehsils of Saharanpur (S. Pur) district. (12)
has also reported that 93.02 % area with respect
to tree outside forest comes under agroforestry in
the district. The major tree species planted under
agroforestry were Populus deltoides (G-48) (92.22
%), Eucalyptus sp. (7.04 %) and others (0.74 %).
Four agroforestry systems were identified in the
district, among which agri-silviculture was the
most prevalent (92.39%). Wheat (rabi) and paddy
(kharif) were the dominant intercrops grown with
poplar plantations. Most farmers (75.19%)
practiced boundary plantation of Populus
deltoides with wheat-paddy rotation, while
24.81% followed block plantation, which was more
common in Deoband tehsil. The preference for
poplar was mainly attributed to its short rotation
period, assured market, and easy availability of
planting material.

Based on the pilot survey findings,
poplar-based agroforestry systems (boundary and
block plantations) integrated with wheat and
paddy were identified as the predominant
practice in Saharanpur district. Accordingly, the
present study focused exclusively on these
systems for further economic analysis.

Economics of agroforestry systems practiced
by the farmers in all tehsils of the district

Wheat and paddy under poplar based boundary
plantation practice

In this agroforestry practice, Populus
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deltoides (G-48) was planted along the farm
boundary with wheat and paddy crops were taken
alternative season up to the sixth year. The input
cost of A (poplar trees), B (wheat crop), C (paddy
crop) and D (rental value of land) of six years
(2011-16) wheat and paddy under poplar-based
boundary plantation agroforestry practice in all the
tehsil are elaborated in table 1.

Input Cost Analysis

Cost A (Poplar trees): The average per-hectare
input cost of poplar was highest in Nakur tehsil
(X23,900) and lowest in Behat (320,060), mainly
due to lower labour costs in Behat. In all tehsils,
costs were highest in the first year because of
expenses on planting material (ETP) and
establishment, while only pruning costs were
incurred from the second to fifth year.

Cost B (Wheat crop): Wheat cultivation costs
included seed, tillage, irrigation, fertilizers,
pesticides, harvesting, and labour. Tillage
operations accounted for the highest expenditure,
whereas pesticide costs were minimal. Total wheat
input cost was highest in Saharanpur tehsil
(X2,41,199) due to higher labour wages, and lowest
in Behat (R2,07,054), with other tehsils showing
comparable costs.

Cost C (Paddy crop): Similar to wheat, tillage
operations formed the major cost component for
paddy. The highest input cost was recorded in
Saharanpur (22,53,097.50), followed by Rampur
Maniharan, Deoband, Nakur, and Behat. Paddy
input costs increased progressively from the first to
the sixth year across all tehsils.

Cost D (Rental value of land): Land rental
value increased gradually over the six-year period
in all tehsils, with the lowest cumulative value in
Behat (32,47,500) and %2,92,500 in the remaining
tehsils.

Overall, the total cumulative input cost was
highest in Saharanpur tehsil (%8,08,856.50) and
lowest in Behat (%6,90,366.50), reflecting
differences in labour and land rental costs across
the district.
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Table 1. All input cost of boundary plantation poplar with wheat and paddy in all tehsils of

Saharanpur district

(A) Operational and management cost of poplar trees (2011-16)
Particulars Behat Deoband Nakur Mlzirillllg:;n Saharanpur
ETP cost (520 ETP @Rs. 20/ETP) 10400 10400 10400 10400 10400
Transportation 1600 1000 1800 1800 1000
Digging and planting cost (@Rs.2.5/ETP | 1300 1820 1820 2080 1820
Pruning 6760 9620 9880 8840 8840
Total 20060 22840 23900 23120 22060
(B) Operational and management cost of wheat (2011-16)
Seed (120 kg/ha) 16800 16800 16800 16800 16800
Tillage operations 46000 57000 62200 60200 60000
Irrigation (5 times) 21375 21375 24000 18750 21375
Fertilizers
Urea @ 300 kg/ha 11400 11400 11400 11400 11400
DAP @150 kg/ha 17400 17400 17400 17400 17400
FYM @240 g/ha 3840 6720 5280 7920 9360
Pesticides (herbicide+fungicide) 1900 6100 3525 3750 3525
Transportation (2 trolleys) 13600 13600 13600 13600 13600
Harvesting @300 kg/ha 21320 24600 24600 24600 24600
Threshing @8 % of total grain yield 31279 31279 31279 31279 31279
Labour cost (Sowing, pesticide spray, |22140 25740 25740 28080 31860
irrigation, application of fertilizer and
threshing etc)
Total (Rs.) 207054 232014 235824 233779 241199
(C) Operational and management cost of paddy (2011-16)
Seed (15 kg/ha) 11700 11700 11700 11700 11700
Nursery expenses 6700 9450 8500 10300 13500
Puddling (Puddling one [ 46000 57000 57000 63200 59000
round +Harrowing one round)
Transplanting 20700 20700 20700 24450 25000
Irrigation (5 times) 23000 21375 24000 18750 21375
Fertilizers
Urea @375 kg/ha 14250 14250 14250 14250 14250
DAP @150 kg/ha 17400 17400 17400 17400 17400
Pesticides(herbicide+fungicide+ 5000 7275 4000 8500 10020
insecticide)
Transportation 1402.5 1402.5 1402.5 1402.5 1402.5
Harvesting+ Threshing 45000 45000 45000 45000 45000
Labour cost 24600 28600 28600 31200 34450
Total 215752.5 234152.5 232552.5 246152.5 253097.5
(D) Rental value of land 247500 292500 292500 292500 292500
Total input (A+B+C+D) 690366.5 781506.5 784776.5 795551.5 808856.5
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(1) Output /return

Table 2 showed the output of A (benefit from
trees), B (benefit from wheat) and C (benefit from
paddy) of wheat and paddy under poplar
plantation practice in all the tehsils of Saharanpur
district.

Output A (benefit from trees)

From the result, it was revealed that in this
practice, total benefit from poplar plantation was
highest estimated as Rs. 1,568,960 in Rampur
Maniharan, while the lowest was recorded as Rs.
12, 56,960 in Behat tehsil. The sale value of
pruned wood was starts from third year and ends
at fifth year in all the tehsils. In sixth year,
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average 520 trees/ha of poplar were auctioned at
the rate of Rs. 600 to 750/q in different tehsils.
Output B (benefit from wheat)

The total maximum benefit from per hectare
wheat grain and straw yield was estimated as Rs.
6, 71,623.80 in Rampur Maniharan, while lowest
recorded in Saharanpur (Rs. 5, 42,740.81) tehsil.
The maximum benefit was occurred in fourth year
and minimum was in first year.

Output C (benefit from paddy)

The highest output cost of C of paddy grain and
straw yield was recorded in Saharanpur (Rs.
6,64,888.82) tehsil, while lowest was estimated in
Behat (Rs. 5,86,414) tehsil in the year of 2011-16.

Table 2. Output of boundary plantation poplar with wheat and paddy in all tehsil of Saharanpur

district
(A) Benefit from trees (2011-16)
Particulars Behat Deoband Nakur Mﬁirir}lg;;n Saharanpur
Sale of pruned wood (used as fuel) @ 8960 8960 8960.00 8960.00 8960.00
Rs. 100/q
Auction of standing trees (520 trees @ 1248000 1456000 1393600.00 1560000.00 1497600.00
Rs. 600/q) (average green timber
weight 400 kg/tree at 6 years of age)
Total 1256960 1464960 1402560.00 1568960.00 1506560.00
(B) Benefit from wheat (2011-16)
Grains 372468 407447.70 387651.70 411219.00 281030.63
Straw 237296.4 222483.30 244797.30 260404.80 261710.18
Total 609764.4 629931.00 632449.00 671623.80 542740.81
(C) Benefit from paddy (2011-16)
Grains 443580.1 497797 482175 503072.5 508285.29
Straw 142833.9 152996.3 146851.7 156449 156603.53
Total 586414 650793.3 629026.8 659521.6 664888.82
Total output (A+B+C) 2453138 2745684.27 2664036 2900105.38 2714189.63

Wheat and paddy under poplar based block
plantation practice
Table 3 described the total input cost of wheat
and paddy under poplar block plantation in all the
tehsils of the Saharanpur district.
(I) Input cost
Cost A (operational and management cost of poplar trees)
The total operational and management cost
(cost of ETP, transportation, digging and planting
and pruning) of poplar trees was higher (Rs.

28,362.50 to 23,787.50) in block plantation as
compare to wheat and paddy under poplar based

boundary plantation. The number of block entire
transplanting (625 ETP) was more than the
boundary plantation (520 ETP).

In Behat tehsil, the input cost for poplar block
plantation is lowest (Rs. 23,787.50), while in other
tehsils; the input cost was almost similar within
the range of Rs. 26,312.50 to 28,362.50.

Cost B (operational and management cost of wheat crop)

Among the different particulars of raising
wheat crop, the maximum input cost was recorded
for tillage operations (one round tiller and one
round harrowing), while minimum was for
pesticides application in all the tehsils. The



191

highest cost of tillage operations was Rs. 64,000 in
Saharanpur tehsil, while the lowest Rs. 46,000 in
Behat tehsil. The overall input cost was also lowest
in Behat tehsil (Rs. 2,18,948.52) and in other
tehsils, the trend in increasing order was Deoband
<Nakur<Rampur Maniharan<Saharanpur.

Cost C (operational and management cost of paddy
crop)

The total operational and management cost of
paddy was recorded higher in Saharanpur tehsil (,
followed by Rampur Maniharan, Deoband, Nakur,
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and Behat tehsils. In block plantation, costs of
inputs are higher as comparison to boundary
plantation.

Cost D (rental value of land)

Rental value of land was recorded within the
range of Rs. 2, 49,000 to 2, 92,500 in all the tehsils.
The total rental value of land was found lowest in
Behat tehsil.

Total input cost was calculated maximum in

Saharanpur tehsil, followed by Rampur
Maniharan, Deoband, Nakur and Behat tehsils.

Table 3. All input cost of block plantation poplar with wheat and paddy in all tehsil of Saharanpur

district
(A) Operational and management cost of poplar trees (2011-16)
Particulars Behat Deoband Nakur MI;iIiI}llgl:;n Saharanpur
ETP cost (625 ETP @Rs. 20/ETP) 12500.00 12500.00 12500.00 12500.00 12500.00
pdefaultTransportation 1600.00 1000.00 1800.00 1800.00 1000.00
Digging and planting cost 1562.50 2187.50 2187.50 2500.00 2187.50
(@Rs.2.5/ETP
Pruning 8125.00 11562.50 11875.00 10625.00 10625.00
Total 23787.50 27250.00 28362.50 27425.00 26312.50
(B) Operational and management cost of wheat (2011-16)
Seed (120 kg/ha) 21000.00 21000.00 21000.00 21000.00 21000.00
Tillage operations 46000.00 57000.00 62200.00 60200.00 64000.00
Irrigation (5 times) 23000.00 21375.00 24000.00 18750.00 18750.00
Fertilizers
Urea @ 300 kg/ha 15200.00 15200.00 15200.00 15200.00 15200.00
DAP @150 kg/ha 17400.00 17400.00 17400.00 17400.00 17400.00
FYM @240 g/ha 8400.00 11280.00 9120.00 13200.00 14400.00
Pesticides 1900.00 8700.00 5525.00 8325.00 8810.00
(herbicide +fungicide)
Transportation (2 trolleys) 13600.00 13600.00 13600.00 13600.00 13600.00
Harvesting @300 kg/ha 21320.00 24600.00 22960.00 24600.00 24600.00
Threshing @8 % of total grain 24068.52 24068.52 24068.52 24068.52 24068.52
yield
Labour cost (Sowing, pesticide 27060.00 30140.00 30140.00 34320.00 40710.00
spray, irrigation, application of
fertilizer and threshing etc)
Total (Rs.) 218948.52 244363.52 245213.52 250663.52 262538.52
(C) Operational and management cost of paddy (2011-16)
Seed (15 kg/ha) 11700.00 11700.00 11700.00 11700.00 11700.00
Nursery expenses 6700.00 9450.00 8500.00 10300.00 13500.00
Puddling (Puddling one 46000.00 57000.00 57000.00 63200.00 64000.00
round +Harrowing one round)
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Transplanting 20700.00 20700.00 20700.00 24450.00 25000.00
Irrigation (5 times) 23000.00 21375.00 24000.00 18750.00 29750.00
Fertilizers

Urea @375 kg/ha 16150.00 16150.00 16150.00 16150.00 16150.00
DAP @150 kg/ha 17400.00 17400.00 17400.00 17400.00 17400.00
Pesticides(herbicide+fungicide 8015.00 10350.00 4000.00 10975.00 12625.00
+ insecticide)

Transportation 13600.00 13600.00 13600.00 13600.00 13600.00
Harvesting+Threshing 45000.00 45000.00 45000.00 45000.00 45000.00
Labour cost 28290.00 32890.00 32890.00 35880.00 40710.00
Total 236555.00 255615.00 250940.00 267405.00 289435.00
(D) Rental value of land 292500.00 292500.00 249000.00 292500.00 292500.00
Total input (A+B+C+D) 771791.02 819728.52 773516.02 837993.52 870786.02

(I1) Output/ return/ benefit

All benefits received from this practice have
been elaborated in table 4.

Output A (benefit from trees)

Total output/benefit from poplar trees was
recorded at the time of harvesting (sixth year),
while value of sale of pruned wood is recorded from
third year to fifth year. The total earning from
poplar wood was higher in block plantation than
the boundary plantation when compared
tehsil-wise individually because the number of
trees and pruned wood year-wise were higher. The
output cost was calculated higher in Rampur
Maniharan (Rs. 18, 35,340), while lowest in Nakur

tehsil (Rs. 14, 98,340).
Output B (benefit from wheat)

The maximum benefit from wheat grain and
straw was estimated as Rs. 5, 06,148.44 in
Deoband tehsil, followed by Rs. 4, 91,561.63 in
Rampur Maniharan, Rs. 4, 66,459.06 in Behat, Rs.
4, 58,961.63 in Saharanpur and Rs. 4, 57,628.82 in
Nakur tehsils.

Output C (benefit from paddy)

Result has shown that highest benefit from
paddy grain and straw was recorded in Deoband
tehsil (Rs. 5, 05,229.04), while lowest was
estimated as Rs. 4, 55,950.14 in Nakur tehsil.

Table 4. Output of block plantation poplar with wheat and paddy in all tehsil of Saharanpur

district
(A) Benefit from trees (2011-16)
Particulars Behat Deoband Nakur MI;érllri?ll:;;n Saharanpur
Sale of pruned wood (used as fuel) @ Rs. 10340.00 10340.00 10340.00 10340.00 10340.00
100/q
Auction of standing trees (520 trees @ Rs. 1500000.00 1690000.00 1488000.00 1825000.00 1750000.00
600/q) (average green timber weight 400
kg/tree at 6 years of age)
Total 1510340.00 1700340.00 1498340.00 1835340.00 1760340.00
(B) Benefit from wheat (2011-16)
Grains 293733.45 312789.50 288252.66 292153.63 289553.63
Straw 172725.61 193358.94 169376.16 199408.00 169408.00
Total 466459.06 506148.44 457628.82 491561.63 458961.63
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(C) Benefit from paddy (2011-16)
Grains 371448.02 392465.02 365002.43 369283.05 369283.05
Straw 98739.75 112764.02 90947.71 94830.70 94830.70
Total 470187.77 505229.04 455950.14 464113.75 464113.75
Total output (A+B~+C) 2446986.83 2711717.48 2411918.96 2791015.38 2683415.38

Benefit-cost analysis of wheat and paddy
under poplar-based boundary and block
plantation

An agroforestry system cannot be practiced or
adopted only on the basis of the suitability of the
agricultural crops for cultivation in combination
with tree species until and unless it 1is
remunerative. Keeping in view the benefit-cost
ratio (B:C) has been analysed to ascertain
economically profitable combinations feasible for
the all blocks of Saharanpur district.

Table 5 indicated that the present worth of
future returns was obtained by discounted both
Input cost as well as output cost at the minimum
acceptable benefits on prevailing rate of interest
1.e. 10 % per year. Based on input and output
analysis the highest B:C was calculated as 3.29:1
in Rampur Maniharan tehsil, followed by 3.23:1 in
Behat tehsil, 3.07:1 in Deoband, 3.07:1 in Nakur
and 2.98:1 in Saharanpur tehsils. The highest
NPV was estimated at 13.66 lakhs/ha in Rampur
tehsil, while it was lowest in Behat tehsil (11.53

lakhs/ha) in wheat and paddy under poplar based
boundary. However, in Deoband, Nakur and
Saharanpur, it was 12.73, 12.21 and 12.05
lakhs/ha, respectively. Under boundary
plantation, it was also revealed that the per
hectare total actual input cost and output/return of
agroforestry farmers of the district was calculated
as Rs. 772211.60 and Rs. 2695430.66, respectively.
The total net return was calculated as Rs.
1923219.06, while the net present value (NPV)
with discounted at 10 % rate of interest was 12.45
lakhs/ha. The discounted cost and benefit invested
by the farmers in Saharanpur district was Rs.
578627.28 and Rs. 1823128.33, respectively with
the benefit-cost ratio of 3.15:1. It is revealed from
the above results that farmers received Rs. 3.15 on
the investment of Rs. 1 through cultivating wheat
and paddy under poplar based boundary
plantation practice in the Saharanpur district.

Table 5. Benefit-cost analysis of boundary
plantation poplar with wheat and paddy in all
tehsils of Saharanpur district

| Poplar+Wheat+Paddy+Rental Value |

Year (0-6 Years) Behat Deoband Nakur Rarppur Saharanpur
Maniharan

Actual cost(Rs./ha) (X) 6,90,366.50 781506.50 784776.50 795551.50 808856.50
Discounted at 10 % (X1) 5,17,190.92 586563.50 589464.86 596876.15 607196.05
Actual benefit (Rs./ha) (Y) 24,53,138.33 2745684.27 2664035.73 2900105.38 2714189.63
Discounted at 10 % (Y1) 16,70,212.75 1860364.42 1810064.25 1963069.92 1811930.31
Net-benefit (Y-X) 17,62,771.83 1964177.77 1879259.23 2104553.88 1905333.13
Discounted at 10 % (Y1-X1) 11,53,021.83 1273800.92 1220599.38 1366193.77 1204734.27
Net Present value (NPV) with 11.53 12.73 12.21 13.66 12.05
discounted at 10 % rate of interest
D (¥1-X1) (Y1-X1) (lakhs/ha)
Benefit-cost ratio (BCR) with 3.23:1 3.17:1 3.07:1 3.29:1 2.98:1
discounted at 10 % rate of interest
(Y1/X1)
NPV Boundary Plantation in S.Pur 12.45 & 3.15:1
District & BCR

Under block plantation, the highest benefit-cost ratio was calculated as 2.99:1 in Rampur Maniharan
tehsil with the net present value of 12.53 lakhs/ha (Table 6). In Deoband tehsil, the B:C was slightly
lower (2.98:1) than Rampur Maniharan, followed by Behat (2.86:1), Nakur (2.82:1) and Saharanpur
(2.77:1) tehsils. The trend of NPV was also obtained in following decreasing order i.e. Deoband >
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Saharanpur > Behat > Nakur. Chauhan et al.,
2012 revealed that the success of agroforestry
system/model depends upon its adoption by the
farmers who are concerned about its ultimate
economic viability. Farmers are planting poplar on
their land (bunds or block depending on their
resources) for additional income from trees.
Inter-cultivation also supports the poplar trees for
their better growth due to the various inputs to
agricultural crops like fertilizers, irrigation and
other management practices. The higher returns
in poplar based intercropping are mainly due to
higher productivity of poplar than without
Intercropping (6 and 1).

The per hectare actual cost of poplar based
block plantation for farmers of Saharanpur district
worked out to Rs. 8,14,763.01, while the actual
benefit of Rs. 26,09,010.81. The discounted cost
and benefit invested by the farmers in Saharanpur
district was Rs. 6,10,929.60 and Rs. 17,63,169.71,
respectively with the net present value of 11.52
lakhs/ha. The benefit-cost ratio was calculated as
2.89:1 for wheat and paddy crop under poplar
based block plantation in the district.
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It is concluded from the above findings that
farmers received Rs. 2.89 on the investment of Rs.
1 through cultivating wheat and paddy under
poplar based block plantation practice in the
Saharanpur district.

(8) and (7) reported that poplar has played a
significant role in enhancing the income of the
farmers and average economic returns per hectare
of poplar based agroforestry is two to five times
more than traditional crop rotation.

(9) stated that Poplar based agroforestry is one
of the major commercial agroforestry systems
practiced by the farmers in Western Uttar Pradesh
of India. The financial and economic analyses
indicated that Net Present Value (NPV) in case of
bund system with an eight years' rotation were Rs.
137,000/-, Rs. 127,000/- and Rs. 118,000/- at
discount factors of 8, 10 and 12 percent,
respectively, with a Benefit Cost Ratio (BCR) of 2.8
for all the three discount factors.

Trees for industrial use are catching the
attention of farmers to grow economically and
poplar based agroforestry systems have proven
worth in north-western states of India (11; 5; 3).

Table 6. Benefit-cost analysis of block plantation poplar with wheat and paddy in all tehsils of

Saharanpur district

Poplar+Wheat+Paddy+Rental Value

Year (0-6 Years) Behat Deoband Nakur Mﬁ?‘lﬁgl;;n Saharanpur
Actual cost(Rs./ha) (X) 771791.02 819728.52 773516.02 837993.52 870786.02
Discounted at 10 % (X1) 580252.14 614809.88 578948.81 628475.75 652161.49
Actual benefit (Rs./ha) (Y) 2446986.83 2711717.48 2411919 2791015.38 2683415.38
Discounted at 10 % (Y1) 1660375.66 1833950.46 1635448.4 1881309.84 1804764.19
Net-benefit (Y-X) 1675195.81 1891988.96 1638402.9 1953021.86 1812629.36
Discounted at 10 % (Y1-X1) 1080123.52 1219140.58 1056499.6 1252834.10 1152602.70
Net Present value (NPV) with discounted at 10.8 12:19 10.56 12.53 11.53
10 % rate of interest Z[Yl —X1) (lakhs/ha)
Benefit-cost ratio (BCR) with discounted at 2.86:1 2.98:1 2.82:1 2.99:1 2.77:1
10 % rate of interest (Y1/X1)
NPV Block Plantation in S.Pur District & BCR 11.52 & 2.89:1

Conclusion

The economic analysis clearly demonstrated the financial advantages of poplar-based agroforestry
systems The present study, titled "Economic Assessment of Agroforestry Systems in Saharanpur
District of Western Uttar Pradesh," evaluated the economic feasibility of the most prevalent agroforestry
practices in the region, namely poplar-based block and boundary plantations integrated with wheat and
paddy crops. The adoption of agroforestry systems depends not only on the biological compatibility of
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tree species with agricultural crops but also on
their economic viability and profitability.

in the district. Under boundary plantation of
poplar with wheat and paddy, the total net return
was 319,23,219.06, with a net present value (NPV)
of ¥12.45 lakh ha™' at a 10% discount rate. The
discounted cost and benefit were ¥5,78,627.28 and
318,23,128.33, respectively, resulting in a
benefit-cost ratio of 3.15:1. In contrast, the
poplar-based block plantation with wheat and
paddy recorded a comparatively lower benefit-cost
ratio of 2.89:1.

These findings indicate that farmers received
3.15 and %2.89 for every rupee invested in
boundary and block plantations, respectively.
Moreover, the  widespread adoption  of
poplar-based agroforestry significantly
contributes to meeting the rising industrial wood
demand, thereby reducing pressure on natural
forests and dependence on imported timber. Based
on the present study, it can be concluded that
poplar-based boundary plantation integrated with
wheat and paddy crops is the most economically
viable and sustainable agroforestry practice in
Saharanpur  district. =~ Owing to  similar
agro-climatic and topographical conditions, this
agroforestry model can be effectively replicated in
other regions with comparable landscapes to
enhance farm income while simultaneously
addressing industrial wood demand.

References

1. Bangarwa, K.S. and Wuehlisch, G.V. 2009. Using
exotic poplar in northern India for higher returns
in agroforestry. Asia-Pacific Agroforestry News,
35: 3-5.

2. Census of India. 2011. District Census handbook,
Saharanpur, Village and town Directory.
Directorate of Census Operations, Uttar Pradesh,
Lucknow.

3. Chandra, J.P. 2011. Development of poplar based
agroforestry system. Indian Journal of Ecology,
38:11-14.

4. Chauhan, S.K., Brar, M.S. and Sharma, R. 2012.
Performance of poplar (Populus deltoides Bartr.)
and its effect on wheat yield under agroforestry

10.

11.

12.

13.

14.

15.

Divya Yadav, Charan Singh and Harikesh Singh

system in irrigated agro-ecosystem, India.
Caspian Journal of Environmental Sciences, 10:
53-60.

Chauhan, S.K. and Mangat, P.S. 2006. Poplar
based agroforestry is ideal for Punjab, India.
Asia-Pacific Agroforestry News, 28: 7-8.

Dhillon, A., Sangwan, V., Malik, D.P. and Luhach,
M.S. 2001. An Economic Analysis of Poplar
Cultivation. The Indian Forester, 127(1):86-90.
Dwivedi, R.P., Kareemulla, K., Singh, R., Rizvi,
R.H. and Chauhan, J. 2007. Socio-economic
analysis of agroforestry system in western Uttar
Pradesh. Indian Research Journal of Extension
Education,7: 18-22.

Joshi, B.C. 1996. Poplar -cultivation under
agroforestry. In: Session of the International
Poplar Commission, 20th, Budapest, 1-4 October
1996. Environmental and social issues in poplar
and willow cultivation andutilization:
Proceedings. pp. 409-423.

Kareemulla, K. Rizvi, R. H., Kumar, K., Dwivedi,
R. P. and Singh, R. 2005. Poplar agroforestry
systems of Western Uttar Pradesh in Northern
India: A socio-economic analysis. Forests, Trees
and Livelihoods, 15: 375-381.

Mercer, D.E., G.E. Frey, and F.W. Cubbage. 2014.
Economics of Agroforestry. In: Kant S. and J.R.R.
Alavalapati (eds.). Handbook of Forest Economics.
Earthscan from Routledge. New York, 209 pp.
Newman, S.M. 1997. Poplar agroforestry in India.
Forest Ecology and Management, 90 (1): 13- 17.
Saxena, V. 2012. Climate change mitigation and
adaptation potential of agroforestry in northern
plains of India. Ph.D. thesis, Forest Extension
Division, Forest Research Institute University,
Dehradun, Uttarakhand, India.

Sood, D. 2024. Wood and Wood Products Update
2024. U.S. Department of Agriculture, Foreign
Agricultural Service. 2024. GAIN Report
IN2024-0026, Office of Agricultural Affairs,
Mumbai, June 6, 2024.

Statistical Abstract, Uttar Pradesh. 2013.
Economics and statistics division, State Planning
Institute, U.P., Lucknow.

TERI. 2000. Farm forestry extension study report:
Saharanpur district. Tata Energy Research
Institute, Project No. 99SF62, New Delhi.

Received : May 2025; Revised : June 2025; Accepted : July 2025



Prog. Agric. 25 (2) : 196-199 (2025)
DOI : 10.5958/0976-4615.2025.00027.4

Society for Recent Development in Agriculture

Website : www.progressiveagriculture.in

GENOMICS-ASSISTED BREEDING FOR DROUGHT TOLERANCE IN WHEAT
(TRITICUM AESTIVUM L.): RECENT ADVANCES AND FUTURE PROSPECTS

Amit Kumal®, Shivanil, Reshu Chaudhary?2, Bijendra Singh2 and R. P. Singh3

1Department of Biotechnology, KVSCOS, Swami Vivekanand Subharti University, Meerut, Uttar Pradesh, India
2 College of Horticulture, Sardar Vallabhbhai Patel University of Agriculture and Technology,
Meerut, Uttar Pradesh, India
SFormer Vice Chancellor, Swami Keshwanand Rajasthan Agriculture University, Bikaner
*Corresponding Author Email-amit.agbiotech1581@gmail.com

Abstract

Drought is one of the major abiotic limitations to wheat production worldwide, and the impacts of
drought are worsened due to climate change. Drought tolerance consists of many genes with complex
physiological and molecular processes, along with strong interactions between genotypes and
environments; therefore, traditional phenotypic selection has produced minimal improvement to date.
In this review we summarize recently published work (2020-2025) on genomics-assisted methods used to
develop drought tolerance in bread wheat (8; 2). QTL mapping and marker-assisted backcrossing has
allowed for successful validation of drought-related loci and their transfer into elite lines (3; 7). In
addition, the coupling of genome-wide association studies with high-throughput phenotyping and
genomic selection have improved predictability of grain yield in water-limited environments (5; 11).
Overall, transcription factors from the DREB, NAC, MYB, and WRKY families are still considered the
primary regulatory targets, but CRISPR/Cas-based gene editing is now able to provide precise, multiplex
gene modifications in polyploid wheat (1; 10). The combination of pan-omics (the study of all omes), gene
editing, speed breeding, and predictive modelling provides a realistic approach to developing
climate-resilient, high-yielding cultivars. However, the rates at which phenotyping can occur and the
speed at which candidate loci can be functionally validated are still the rate-limiting steps on this path
(4; 6).

Keywords: Triticum aestivum; drought tolerance; genomics-assisted breeding; quantitative trait
loci; genomic selection; CRISPR/Cas; transcription factors; pan-omics.

Introduction wheat-growing regions (3). Closing the yield gap
without amplifying the environmental costs of
intensive irrigation and fertilisation has therefore
emerged as a central objective of modern cereal
improvement (6).

Wheat (Triticum aestivum L.) is a cornerstone
of global food security, supplying a major share of
the calories and protein consumed by the human

population. Sustaining and increasing wheat i ) ) ) )
output is, however, becoming progressively more Convgntlonal breeding 'has hlStOI‘lC?.Hy relied
difficult as agriculture competes for a shrinking ©OR direct ' phepotyplc selection .for
and increasingly unreliable freshwater supply. drought-adap‘uyg traits such as deep rooting,
Sub-optimal water availability for plant growth Water-use ‘effICIGI’le 'and stay-green. Whﬂe
and transpiration-drought-is the foremost abiotic effective, this strategy is slow, resource-intensive
limitation to wheat production, and most and strongly constrained by the low heritability
climate-change projections forecast greater aridity gnd .pronounced genotype-by-envwonment
and more frequent water deficits across important 1nteractions that characterise the drought
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response (9). The maturation of genomics over the
past five years-anchored by a high-quality wheat
reference genome and complementary
pangenome assemblies-has opened more precise
and rapid routes to dissecting and deploying the
genetic basis of drought tolerance (8; 2). This
review summarises these recent advances,
spanning genetic resources, QTL mapping and
marker-assisted selection, genome-wide

association studies and genomic selection,
regulatory candidate genes, genome editing, and
the integration of  multi-omics with
high-throughput phenotyping.
Drought Stress and the Complexity of
Tolerance in Wheat

Drought disrupts wheat growth and

development through coordinated changes in
metabolism, gene expression and physiology.
Persistent water deficit triggers stomatal closure,
reduced relative water content, loss of turgor,
impaired photosynthesis and, ultimately, yield
penalties that are most damaging when stress
coincides with sensitive developmental windows
such as jointing, anthesis and grain filling (6).
Genotypic screening consistently reveals wide
variation in morphological, physiological and
agronomic responses to water limitation, with
tolerant lines distinguished by superior water-use
efficiency and photochemical performance-
evidence of substantial exploitable genetic
diversity (9).

From a breeding standpoint, the practical goal
1s not mere survival under extreme stress but the
maintenance of a harvestable yield under
realistic, water-limited field conditions. Drought
tolerance is a quantitative trait with a complex
phenotype and polygenic control; the relevant loci
typically have small individual effects, low
heritability and considerable interaction with the
environment, which 1s  precisely  why
marker-based and genomic approaches-capable of
tracking many loci simultaneously-are so
valuable for this trait (3).

Genomic Resources: From a Single
Reference to Wheat Pangenomes

Genomic dissection of drought tolerance in
wheat was long hampered by the sheer size and
complexity of its allohexaploid genome (~16 Gb).

AmitKumaet. al

The release of a chromosome-level reference
assembly of the cultivar Chinese Spring provided
the first comprehensive framework for locating and
characterising drought-relevant alleles. This was
followed rapidly by the assembly of multiple
additional cultivars, revealing extensive structural
and presence-absence variation 1in modern
breeding germplasm (8). Graph-based pangenome
resources now capture this variation across many
sequenced genomes, allowing breeders to query
haplotype diversity and identify favourable alleles
that a single reference would miss (2). Collectively,
these resources have shifted wheat research from a
multi-omics to a pan-omics paradigm, in which
genomic, transcriptomic, proteomic, metabolomic
and phenomic layers are integrated to decode
complex traits such as drought adaptation (10).

QTL Mapping and Marker-Assisted Selection

Quantitative trait locus mapping remains a
foundational tool for connecting genomic regions to
drought-adaptive phenotypes. Comprehensive
reviews of the literature have catalogued numerous
QTLs associated  with diverse physio-
morphological traits expressed at different growth
stages, and have highlighted that broad germplasm
collections-rather than a narrow elite core-are the
richest sources of useful drought-tolerance alleles
(3). Beyond discovery, the practical value of these
loci i1s realised when they are introgressed into
adapted, high-yielding backgrounds.

A clear demonstration is the marker-assisted
backcross transfer of QTLs governing biomass,
canopy temperature, thousand-kernel weight,
normalised difference vegetation index and yield
into the popular Indian variety HD3086, using
foreground selection across successive backcross
generations to recover positive, homozygous lines
with improved performance under moisture deficit
(7). Such examples confirm that, despite the
historical difficulty of applying marker-assisted
selection to a low-heritability trait, well-validated
and environment-stable marker-QTL associations
can be deployed effectively to enhance climate
resilience in elite wheat.

Genome-Wide Association Studies and
Genomic Selection

Genome-wide association studies (GWAS)
exploit historical recombination across diverse
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panels to resolve marker-trait associations at
higher resolution than bi-parental QTL mapping.
Dense single-nucleotide polymorphism (SNP)
genotyping of spring wheat panels has identified
and validated novel loci for seedling-stage drought
indices, with several chromosomes recurring as
stable genomic regions across independent studies
and populations-an  encouraging sign of
transferability for marker-assisted improvement
(5).

Because drought tolerance and yield are
governed by many small-effect loci, genomic
selection (GS)-which predicts breeding values
from genome-wide marker effects rather than a
few large QTLs-i1s increasingly favoured for
advancing populations. Integrating GS with
high-throughput, image-based phenotyping and
machine-learning models markedly improves the
prediction of drought resistance and grain yield,
while helping to relieve the phenotyping
bottleneck that constrains large-scale field
evaluation (11). The combination of GWAS for
locus discovery and GS for whole-genome
prediction now forms the analytical backbone of
climate-resilient wheat breeding pipelines (4).

Transcription Factors and Candidate Genes

Transcription factors (TFs) are particularly
powerful targets for manipulating drought
tolerance because, unlike most structural genes,
they regulate entire downstream cascades and
thereby coordinate multi-step stress-response
pathways. The dehydration-responsive element-
binding (DREB/CBF) family, together with NAC,
MYB, WRKY and bZIP regulators, governs the
perception and transduction of water-deficit
signals and the activation of protective effectors
such as late-embryogenesis-abundant proteins,
chaperones and osmolyte-biosynthesis enzymes
(6). Recent functional genomics in wheat has
characterised additional regulators-including
members of the NAC and bHLH families
implicated in root growth and water-use
efficiency-expanding the catalogue of validated
candidate genes available for breeding and editing
(10). Because many of these loci remain to be
functionally confirmed in field conditions, their
systematic validation is a priority for translating
regulatory knowledge into cultivar improvement

).
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CRISPR/Cas Genome Editing

Genome editing offers a more targeted and
rapid alternative to transgenic over-expression for
engineering drought tolerance, and its application
in wheat has accelerated markedly. The polyploid
wheat genome, with its multiple homoeologous
copies of most genes, 1s well suited to multiplex
CRISPR/Cas9 strategies that can simultaneously
edit several homoeoalleles. For instance, multiplex
CRISPR/Cas9 editing of the negative-regulator
gene TaSall produced heritable knockouts
associated with altered stomatal behaviour and
improved water-related phenotypes, illustrating
the feasibility of precise trait modification in
hexaploid wheat (1). Editing approaches are
increasingly directed at regulatory genes and their
cis-elements to fine-tune, rather than simply
abolish, drought-responsive expression, and are
now embedded within broader pan-omics-guided
design frameworks for next-generation wheat (10).

Integration of Multi-Omics and
High-Throughput Phenotyping

No single data layer fully captures the
architecture of drought tolerance. The integration
of genomics with transcriptomics, proteomics,
metabolomics and phenomics provides a
systems-level view of how wheat perceives, signals
and adapts to water deficit, and underpins the
transition to pan-omics-based crop design (10).
Realising the value of these datasets depends
critically on phenotyping capacity, which has
become the principal cost and rate-limiting step in
genetic analysis of drought. Field- and
image-based  high-throughput  phenotyping,
combined with environmental covariates and
machine-learning models, is now being deployed to
characterise physiological components of the
drought response at scale and to feed predictive
breeding models (11). Trait-characterisation
frameworks that link agronomic, physiological and
molecular information to specific genomic
interventions-marker-assisted selection, speed
breeding, genomic selection and gene editing-are
accelerating the delivery of resilient cultivars (4).

Conclusions and Future Perspectives

Over the period 2020-2025, genomics-assisted
breeding has substantially strengthened the
toolkit available for improving drought tolerance
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in wheat. A high-quality reference genome and
pangenome resources have democratised allele
discovery in a notoriously complex genome (8; 2);
QTL mapping and marker-assisted backcrossing
have moved validated loci into elite varieties (3; 7);
GWAS and genomic selection have improved both
locus resolution and whole-genome prediction (5;
11); and CRISPR/Cas editing has enabled precise
manipulation of regulatory candidate genes in
polyploid wheat (1).

The frontier now lies in integration. Combining
pan-omics datasets, predictive modelling, speed
breeding and gene editing within unified design
pipelines promises to compress breeding cycles
and to target the genotype-dependent,
multi-season nature of drought adaptation more
effectively (10; 6). Two challenges remain decisive:
increasing the throughput and precision of
phenotyping, and functionally validating the large
and growing list of candidate loci under realistic
field conditions (4; 9). Addressing these will be
essential to convert genomic knowledge into
climate-resilient, high-yielding wheat cultivars for
water-limited environments.
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Abstract

A study was carried out with 40 genotypes of Indian mustard [Brassica juncea (L.) Czern and Coss.]
to examine the degree of genetic divergence within these genotypes. These genotypes were tested in
randomized block design with three replications during rabi season of 2022-23 and 2023-24 under early
and late planting. The degree of genetic divergence was studied in forty genotypes of Indian mustard
[Brassica juncea (Li.) Czern and Coss.] by using the pooled data of 4 environments (early and late sown).
The analysis of variance (ANOVA) showed significant variation for all the thirteen characters (Table 1).
Further, the estimates of genotypic and phenotypic variance were maximum for number of siliqua
followed by biological yield, plant height, days to 50% flowering and days to maturity indicated sufficient
genetic variability available in the material. The analysis was carried out in 40 genotypes of Indian
mustard [Brassica juncea (Li.) Czern & Coss.] using Mahalanobis D2 statistics followed by Rao (1952) for
thirteen characters. Genotypes were found to be into seven clusters. The cluster VI had the largest
number of genotypes (nine) followed by cluster IV (eight), V(eight), I1I (six), I (five) and II (four). Results
shown that number of primary branches per plant, length of siliqua, plant height, seeds per siliqua and
number of secondary branches per plant were the major contributors towards genetic diversity. The
maximum intra cluster divergence was in cluster III followed by I, I, VI, V and IV, while maximum inter
cluster divergence observed between cluster I and VI followed by cluster II and III, cluster IIT and VI and
cluster I and V which indicates that efficient breeding programme can be formulated to improve yield by
hybridization between genotypes of these clusters.

Key words: Genetics divergence, Mahalanobis D2 statistics, Indian mustard, cluster analysis

Introduction

Indian mustard is a member of the genus
Brassica and the family Brassicaceae (former
Cruciferae). It is popularly known as rai, raya or
laha is one of the most important oil seed crop of
the country. Since ancient times, many spices of
mustard plants have been widely formed and used
as food, medicine and spices. The plants are tall,
erect, heavily branched and the flower has four
sepals, four petals with deep yellow to pale yellow
in color. It is a natively autogamous plant, but due
to environmental factors and the sporadic visits of
pollinating insects, there is frequent out crossing,

which can range from 12 to 20% (9). Mustard is
sown in rabi season mainly in northwest India,
contributes nearly 33 percent to edible oil pool of
the country (DRMR, annual report 2023-24). India
1s a major producer of mustard oil and now become
rank 1 in oilseeds production of rapeseed mustard
with total production of 13.16 million tonnes
(ICAR-DRMR, annual report 2023-24).
Rapeseed-mustard production contributes to 33.24
% of total oilseeds production. These crops are
cultivated on an area 9.18 million/ha with a total
net production of 13.26 million tonnes and with an
average yield of 1444 kg/ha (1). In order to quantify
the genetic diversity among specific genotypes of
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any plant and ascertain genetic affinity or the
genetic separation between genotypes using
cluster analysis, genetic divergence analysis is a
crucial technique (5, 8, 11, 15, 7 and 3). Numerous
studies have already assessed the genetic diversity
of Brassica juncea using phenotypic traits (12, 10
and 13). Analysis and assessment of genetic
divergence is very essential to know the spectrum
of divergence in any crop. Keep in this view, forty
genotypes of Indian mustard were taken in
present study to assess the genetic diversity in the
pooled data over the four environments using the
D2 statistical approach.

Materials and Methods

The research experiment was conduct at
research farm, Department of Genetics and Plant
breeding, Kisan P.G. College, Hapur (U.P.) during
rabi season 2022-23 and 2023-24 under early and
late sown conditions thus making a total of four
environments. In present investigation, forty
genotypes of Indian mustard were taken and
planted under randomized block design with three
replications and each plot was consisted of single
row of 3 meter length. The inter and intra row
spacing were 30 cm and 15 cm, respectively. All the
recommended packaged of agricultural practices
were adopted to raise a good crop. Five plants of
each genotype were randomly selected for
recording of data. The data were recorded for the
following 13 characters namely days to 50%
flowering, days to maturity, plant height (cm),
number of primary branches per plant, number of
secondary branches per plant, biological yield (g),
number of siliqua per plant, length of siliqua (cm),
seeds per siliqua, thousand seed weight (g),
harvest index (%), oil content (%) and seeds yield
per plant (g). The oil content was recorded by using
Fourier Transform Near-Infrared Spectroscopy
(FT-NIRS) at Directorate of Rapeseed Mustard,
Bharatpur, Rajasthan. Mahalanobis D2 statistics
analysis was used for assessing genetic diversity
among 40 genotypes of Indian mustard [Brassica
juncea (L.) Czern & coss.]. The clustering of D2
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values was formed by using Tocher's method as
described by Rao (1952) while the intra and inter
cluster distances were calculated using formula
given by Singh and Chaudhary (1985).

Results and Discussion

The pooled analysis of variance (ANOVA)
showed significant variation for all the thirteen
characters studied (Table 1). The mean range were
46-70.65 for biological yield, 18.51- 29.88 for
harvest index, 9.62- 18.40 for seed yield and 32-
42.86 for oil content. The estimates of genotypic
and phenotypic variance were maximum for
number of siliqua followed by biological yield,
plant height, days to 50% flowering and days to
maturity indicated sufficient genetic variability
available in the studied material of Indian
mustard (Table 2).

Table 1. Analysis of variance for 13 characters
in forty genotypes of Indian mustard.

S. Source of Mean sum of squares

No. variance Replication Treatment Error
Degree of 2 39 78
freedom

1 Days to 50% 0.90 111.11**  1.09
flowering
Days to maturity 10.28 104.42** 1.61
Plant height (cm) 3.32 132.18** 7.07
No. of primary 0.023 0.161** 0.036
branches

5 No. of secondary 1.11 0.86** 0.10
branches

6 Biological yield 9.33 147.76**  2.41
(8)

7 No. of siliqua per 115.10 2912.01** 70.55
plant

8 Length of siliqua 0.024 0.060** 0.013
(cm)

9 Seeds per siliqua 0.39 5.73%* 0.25

10 Thousand seed 0.01 3.39%* 0.01
weight (g)

11 Harvest index 14.54 18.27%* 1.29
(%)

12 Oil content (%) 0.01 16.27** 0.01

13 Seed yield (g) 0.58 12.28**  0.15
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Table 2. Mean range and estimates of genotypic and phenotypic variance for thirteen characters

in Indian mustard.

S. no. Genotypes Mean Min. Max. var (g) var (p)

1. Days to 50 % flowering 59.59 48.08 70.58 36.67 37.76

2. Days to maturity 156.32 146.58 168.08 34.27 35.88

3. Plant height (cm) 174.40 159.50 187.05 41.70 48.78

4. No. of Primary branches/ Plant 5.56 5.16 6.27 0.04 0.08

5. No. of secondary branches/ Plant 10.85 9.72 12.03 0.25 0.35

6. Biological Yield (g) 56.10 46.00 70.65 48.45 50.86

7. No. of Siliqua per plant 339.60 282.32 417.13 947.15 1017.70

8. Length of Siliqua (cm) 4.73 4.45 5.11 0.02 0.03

9. Seeds per Siliqua 15.79 13.72 18.97 1.83 2.07

10. Thousand seed weight (g) 4.52 3.33 7.29 1.13 1.14

11.  Harvest Index (%) 23.82 18.51 29.88 5.66 6.95

12.  Oil Content (%) 39.15 32.00 42.86 5.42 5.43

13.  Seed yield (g) 12.94 9.62 18.40 4.04 4.20

Based on the D2 values, all 40 genotypes of Table 3: Distribution of forty genotypes of

Indian mustard were grouped into 6 clusters using Indian mustard in different clusters.

the Tocher's method. The clustering pattern of Clgzter gel:llg'ty‘;fes Name of genotypes
genotypes is presenting in Table 3. Out of 6 ; 5 Azad Chotna. Pusa Tarak, TKM 101,
clusterg, cluster VI (Jawahar Mustard, CS-54, Pusa Jai Kisan, KMR-17-5
Aravali, Varuna, KMR-15-2, RLM 619, BR-40, 1I 4 KMR-19-5, Pusa Bold, KMR-15-1,
KMR-16-2, RH-40-6) being the largest one with 9 KMR-16-3

genotypes followed by cluster IV (PM-28, I 6 KMR-850, Pusa Bahar, KMR-14-1,
RH-30R-17-18, KMR-18-3, PM-29, Pusa Agrani Lo il B o e L L L

g ’ ’ grani, v 8 PM-28, RH-30R-17-18, KMR-18-3,

KMR-17-3,Gujrat Mustard, KMR-40-60) and V PM-29, Pusa Agrani, KMR-17-3,
(Pusa Mahak, Kranti, Jagan Nath, DRMR-1J-31, Gujrat Mustard, KMR-40-60
Vaibhav, KMR-17-4,RH-819, KMR-19-4) with 8 \ 8 Pusa Mahak, Kranti, Jagannath,
genotypes each, cluster III (KMR-850, Pusa gﬁl}glféllgl\l/fl{_l\éibhav’ KMR-17-4,
Bahar, KMB'14'1’ KMR-17-2, KMR-18-4, VI 9 Jawahar Mustard, CS-54, Aravali,
KMR-18-1) with 6 genotypes, cluster 1 (Azad Varuna, KMR-15-2, RLM 619, BR-40,
Chetna, Pusa Tarak, TKM 19-1, Pusa Jai Kisan, KMR-16-2, RH-40-6
KMR-17-5)with 5 genotypes and cluster II The character viz. number of primary

(KMR-19-5, Pusa Bold, KMR-15-1, KMR-16-3)
with 4 genotypes (Table 3). This clustering pattern
indicated that there was a considerable diversity
among the genotypes. The grouping of genotypes
from same geographical origin into different
clusters may be due to the different genetic
background and wide divergence in features.
Similar results were observed by Nagda et al.,
2018 and Nandi et al., 2021.

branches/ plant (11.81), length of siliqua (11.55),
plant height (9.41), seeds per siliqua (9.17) and
number of secondary branches/ plant (8.90) were
the major contributors towards genetic divergence
contributed more than 50 % towards the total
divergence (Table 4 and Figure 1). Parallel
findings were reported by Tahira et al., 2017, Rout
et al., 2018, Nagda et al., 2018 and Nandi et al.,
2021.
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Table 4:
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Contribution of different characters towards genetic divergence in Indian mustad.

S.No. Characters % Contribution
1.  Days to 50% flowering 6.22
2. Days to maturity 7.53
3.  Plant height 9.41
4.  No. of primary branches/ plant 11.81
5.  No. of secondary branches/ plant 8.90
6.  Biological yield 7.05
7.  No. of siliqua per plant 7.17
8.  Length of siliqua 11.55
9.  Seeds per siliqua 9.17
10. Thousand seed weight 4.54
11.  Harvest index 7.71
12.  Oil content 2.29
13.  Seed yield 6.65
i: 1181 11.55
1: .4l g0 917 771
AT 705 717 : 665
6 454
a4 I 2.28 I
; [l
R ok i & ; & o ® -3 b I ,
& FEEFTFT eSS E
e & o o e > A & b < & o )
% & & ¢ S F & * B F ¢
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. - F, i & o
_:qﬁ Q.-:;RH “é"‘?\' C{\f‘? @Q }\*-51 &F i ?Q,'.' Qh' ¥
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‘?"‘h o
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m % Contribution

Fig. 1: % contribution of various characters towards genetic divergence

The cluster means for different characters are
present in Table 5. Cluster I possessed high mean
values for length of siliqua (4.88), harvest index
(26.95) and oil content (41.17); cluster III for
number of secondary branches/ plant (11.51),
biological yield (65.54), number of siliqua per plant
(379.19), seeds per siliqua (16.84) and seed yield
(15.56); cluster VI for days to 50% flowering
(67.70), days to maturity (163.15), plant height
(178.38) and cluster II for thousand seed weight

(5.26). Cluster I and III possessed the same
highest mean value for number of primary
branches/ plant (5.75). These results showed that
the genotypes with high mean values for the
corresponding characters clustered together inside
the clusters with high cluster mean for the
corresponding characters. The cluster mean
indicates good plants for hybridization programme
could be selected on mean basis. These results are
supported by (6).
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Table 5: Cluster mean values for seed yield and its components in Indian mustard.
No. No. Characters/ Clusters I 11 111 v \% VI
1. Days to 50% flowering 53.82 58.79 61.36 57.56 55.17 67.70
2. Days to maturity 150.12 154.08 160.92 154.03 152.48 163.15
3. Plant height (cm) 168.61 169.80 172.54 177.03 174.59 178.38
4. No. of primary branches/ plant 5.75 5.30 5.75 5.66 5.46 5.45
5. No. of secondary branches/ plant 10.90 10.43 11.51 10.71 11.24 10.35
6. Biological vield (g/plant) 59.43 50.60 65.54 52.24 58.96 51.28
7. No. of siliqua per plant 361.64 349.66 379.19 320.55 337.36 315.40
8. Length of siliqua (cm) 4.88 4.58 4.80 4.70 4.69 4.72
9. Seeds per siliqua (g) 16.58 16.01 16.84 15.60 14.69 15.70
10. Thousand seed weight (g) 4.04 5.26 4.77 4.30 4.47 4.53
11. Harvest index (%) 26.95 24.86 24.60 23.70 21.28 23.46
12. Qil content (%) 41.17 40.49 37.65 41.16 37.57 38.05
13. Seed yield (g/plant) 15.13 12.35 15.56 12.11 12.18 11.67

The values of inter-cluster distances were
greater than intra-cluster distances suggesting
the presence of considerable diversity among the
clusters (Table 6). The intra cluster distances
varied from 2.165 to 2.962 within cluster and inter
cluster distances from 2.618 to 5.220. The cluster
III exhibited maximum intra cluster distance
(2.962) which indicated that genotypes of this
cluster are more diverse than the other clusters.
Maximum inter-cluster distance was observed
between cluster I and VI (5.220) indicating wider
genetic diversity between the genotypes of these
cluster. Therefore, this could be concluded that the
genotypes belong to more diverse cluster could be
used for successful crop breeding programme.
Similar results were suggested by (2), (8) and (11).

Table 6: Average intra (bold values) and inter-
cluster distances between different clusters

Cluster I I v % VI
No.

T 2.906

T 4.026  2.610

Il 3.418 4.693 2.962

IV 3421 2618 4311  2.165
V4165 3.316 3.928 2.670 2.549
VI 5.220 3.291 4.663 29008 3.712  2.582
Conclusion

The genotypes of a single cluster show
closeness in genetic makeup whereas genotypes of
different cluster show distinctness in their genetic
makeup. In simple words, the more diverse
genotypes are always desirable while planning a
crop breeding programme. So, selection of

genotypes from distant clusters will be genetic
worthful in hybridization programme. The inter
cluster distance indicated that the genotypes of
more diverse clusters were I and VI followed by
cluster II and III, cluster IIT and VI and cluster I
and V. The results indicated that worthful crop
breeding programme can be formulated to improve
yield by hybridization between genotypes of these
diverse clusters.
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Abstract

The horticulture sector plays a crucial role in Indian agriculture by contributing to nutritional
security, employment generation, and economic development. However, increasing population pressure,
shrinking landholdings, and climate-related challenges have necessitated the adoption of innovative
cultivation systems capable of enhancing productivity while ensuring sustainability. Ultra
High-Density Plantation (UHDP) has emerged as a promising orchard management strategy that
combines increased planting density with scientific canopy management, drip irrigation, fertigation,
and crop regulation practices. Initially developed for mango cultivation, UHDP has subsequently been
adopted in guava, pomegranate, apple, citrus, and several other fruit crops. The technology facilitates
early fruiting, higher productivity per unit area, efficient resource utilization, and improved economic
returns. This review summarizes the principles, technological components, achievements, challenges,
and future prospects of UHDP in India, with particular emphasis on its application in major fruit crops.

Keywords: Ultra High-Density Plantation, UHDP, High-Density Planting, Mango, Guava, Apple,
Citrus, Pomegranate, Canopy Management, Precision Horticulture

Introduction

India is the second-largest producer of fruits

effective approaches for achieving this objective.
UHDP integrates closer spacing, canopy

globally and possesses immense potential for
horticultural development. Fruit crops contribute
significantly to agricultural GDP and provide
livelihood opportunities for millions of farmers.
Despite this achievement, productivity of many
fruit crops remains below global standards due to
traditional orchard systems characterized by low
planting density, delayed bearing, excessive
vegetative growth, and inefficient utilization of
land and resources (7).

Rapid wurbanization and fragmentation of
agricultural land have increased the need for
intensive  production systems capable of
maximizing yield per unit area. High-Density
Planting (HDP) and Ultra High-Density
Plantation (UHDP) systems have emerged as

management, drip irrigation, fertigation, and crop
regulation practices to enhance orchard
productivity and profitability (3).

The successful implementation of UHDP in
mango cultivation has encouraged its adoption in
other fruit crops such as guava, pomegranate,

citrus, and apple. Consequently, UHDP 1is
increasingly recognized as an important
component of sustainable horticultural

intensification in India (11).

Concept and Principles of Ultra
High-Density Plantation

Ultra High-Density Plantation refers to the
cultivation of fruit trees at substantially higher
planting densities than conventional systems
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while maintaining manageable canopy size
through scientific pruning and training. The
primary objective is to maximize light
Interception, improve resource-use efficiency, and
increase productivity per unit area (12).

Table 1. Comparison of Orchard Systems

Parameter |Conventional HDP UHDP
Spacing (m) 10 X 10 5X5 3X20r2.5x25
Trees ha™* ~100 ~400 674-1600
Bearing begins | 5-7 years 3-4 years | 2-3 years
Canopy Minimal Essential | Mandatory
management
Irrigation Flood Drip Drip mandatory

preferred
Productivity Low Moderate | Very high

The success of UHDP depends upon five major
components:

High Plant Density

Increasing plant population improves land-use
efficiency and total yield per hectare. Although
individual tree yield may decrease, cumulative
orchard productivity increases substantially (14).

Canopy Management

Canopy management is the foundation of
UHDP. Regular pruning and training maintain
optimum tree architecture, improve sunlight
penetration, and facilitate pest management (4).

Drip Irrigation
Drip irrigation supplies water directly to the
root zone, minimizing losses through evaporation

and runoff. This significantly enhances water-use
efficiency (Kumar, 2024).

Fertigation

Fertilizers applied through irrigation water
improve nutrient uptake efficiency and reduce
nutrient wastage. Fertigation ensures precise
nutrient delivery according to crop requirements

3).
Crop Regulation

Growth regulators such as paclobutrazol are
commonly used to regulate vegetative growth and
promote flowering, particularly in mango orchards
(11).
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UHDP in Mango Cultivation

Mango (Mangifera indica L.) represents the
most successful example of UHDP adoption in
India. Traditional mango orchards are generally
planted at 10 X 10 m spacing, accommodating
approximately 100 trees ha'. In contrast, UHDP
systems employ spacings such as 3 X 2 m or 2.5 X
2.5 m, resulting in populations exceeding 1,600
trees ha™' (7).

Important cultivars suitable for UHDP include
Amrapali, Mallika, Alphonso, Kesar, Dashehari,
Totapuri, Ambika, and Arunika (15).

Canopy management is particularly important
in mango. Trees are maintained at heights of
approximately 2-2.5 m through annual pruning,
allowing uniform light penetration and easier
harvesting. Research conducted by ICAR
institutions has demonstrated that UHDP mango
orchards can begin commercial fruit production
within two to three years of planting and achieve
yields significantly higher than conventional
orchards (11).

Application of paclobutrazol further enhances
flowering and yield by suppressing excessive
vegetative growth. Studies have reported
productivity increases ranging from 200-400%
under well-managed UHDP systems (3).

UHDP in Guava

Guava (Psidium guajava L.) is highly suitable
for UHDP because of its precocious bearing habit
and excellent response to pruning. Traditional
orchards are planted at 6 X 6 m spacing, whereas
UHDP systems may employ spacings as close as 2
X 1 m, accommodating approximately 5,000 plants
ha™' (14).

Cultivars such as Allahabad Safeda, Lalit,
Shweta, and Lucknow-49 have demonstrated
excellent performance under intensive planting
systems. Regular pruning 1is essential for
maintaining canopy architecture and ensuring
adequate sunlight penetration (8).

Studies conducted at ICAR-CISH and IARI
have shown that UHDP guava orchards produce
significantly higher yields and superior fruit
quality compared with conventional orchards.
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Productivity levels of 40-60 t ha' have been
reported under intensive management practices
(14).

UHDP in Pomegranate

Pomegranate (Punica granatum L.) is another
fruit crop that responds favorably to intensive
cultivation  systems. Traditional orchards
generally employ spacing of 5 X 5 m, whereas
UHDP systems utilize spacing of 3X 2 mor 4 X 2 m,
accommodating 1,250-1,667 plants ha™! (9).

Major cultivars grown under UHDP include
Bhagwa, Ganesh, and Mridula. Scientific canopy
management combined with drip irrigation and
fertigation improves fruit size, rind coloration, and
marketable yield (5).

Research has demonstrated productivity levels
exceeding 20-25 t ha ! under intensive orchard
management. Moreover, closer spacing facilitates
efficient pest and disease management, thereby
improving overall orchard profitability (10).

UHDP in Apple

High-density apple orchards have
revolutionized fruit production in temperate
regions. Modern apple UHDP systems utilize
dwarf rootstocks such as M9 and M26, enabling
planting densities of 2,000-4,000 trees ha’
compared with only 250-300 trees ha' in
conventional orchards (13).

Training systems such as Tall Spindle and
Vertical Axis maximize light interception and
improve fruit quality. Commercial fruit production
begins within 2-3 years of planting, compared with
7-8 years under traditional systems (13).

Studies conducted in Himachal Pradesh and
Jammu & Kashmir have reported substantial
increases 1n productivity, fruit coloration, and
market value under UHDP apple systems (16), (1).

UHDP in Citrus

Citrus fruits, including sweet orange,
mandarin, lemon, and lime, also benefit from
Iintensive orchard systems. Conventional orchards
are typically planted at spacings ranging from 6 X 6
m to 8 X 8 m. Under UHDP, spacing may be reduced
to 3 X2 m, 4 X 2m, or 4 X3 m depending upon
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cultivar vigor and rootstock characteristics (6)
Major citrus cultivars suitable for UHDP
include Nagpur Mandarin, Kinnow Mandarin,
Mosambi, Valencia Orange, and Acid Lime. Drip
irrigation and fertigation significantly improve
nutrient uptake and water-use efficiency (2).
Research indicates that citrus orchards
managed under intensive planting systems can
achieve productivity increases of 30-60%
compared with conventional orchards while
maintaining desirable fruit quality attributes (6).

Economic Benefits of UHDP

The primary advantage of UHDP is increased
productivity per unit area. Additional benefits
include:

=  Early fruit bearing.

= Higher yield per hectare.

= Improved fruit quality and uniformity.

= Efficient utilization of water and fertilizers.
= Reduced harvesting costs.

= Enhanced profitability.

= Greater suitability for mechanization.

Table 2. Comparative Performance of UHDP in
Major Fruit Crops

Crop COI]I)‘;e;lstilt(;rnal UHDP Density Y1e1d(101/:3rease
Mango 100 1333-1667 200-400
Guava 278 2500-5000 150-300
Pomegranate |400 1250-1667 100-200
Apple 250-300 2000-4000 150-250
Citrus 156-278 833-1666 30-60

The increased productivity and earlier returns
generally compensate for the higher initial
investment associated with drip irrigation and
orchard establishment (3).

Challenges and Constraints

Despite its numerous advantages, UHDP faces
several challenges:
1. High initial establishment costs.
2. Requirement for skilled pruning and canopy
management.
3. Dependence on drip irrigation infrastructure.

=~

Intensive nutrient management requirements.

5. Increased risk of disease outbreaks under poor
canopy ventilation.
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6. Need for regular technical supervision.
Successful adoption therefore requires
continuous farmer training and extension support

(7).

Future Prospects

The future of UHDP in India is highly
promising. Advances in precision horticulture,
remote sensing, artificial intelligence, automated
fertigation systems, and climate-smart agriculture
are expected to further improve orchard
productivity and sustainability.

Future research should focus on:

= Development of dwarf cultivars and

rootstocks.
= Precision nutrient management.
= Mechanized pruning technologies.
= Water-efficient irrigation systems.
= Climate-resilient
practices.
Expansion of UHDP to additional fruit crops
can play a major role in increasing national fruit
production while ensuring efficient utilization of
land and water resources.

orchard management

Conclusion
Ultra High-Density Plantation has emerged as
one of the most important technological

innovations in Indian horticulture. By integrating
high plant density with scientific canopy
management, drip irrigation, fertigation, and crop
regulation, UHDP has significantly enhanced
productivity and profitability in mango, guava,
pomegranate, apple, and citrus cultivation.
Although the system requires greater technical
expertise and initial investment, its long-term
benefits outweigh these constraints. Wider
adoption of UHDP, supported by research
Institutions, extension agencies, and government
programs, can contribute substantially to
sustainable horticultural development and
1mproved farmer livelihoods in India.
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Abstract

In order to estimate carbon-emission specific road networks while taking electric cars (EVs) into
account, this study develops a method. Oil-fueled vehicles (OFVs) prioritise minimising trip time, while
EVs additionally take battery charge state and charging station locations into account when choosing a
route. A mixed equilibrium traffic assignment model is used to determine the traffic volume for each link
in the network. The three factors of traffic volume, average speed, and road type are then used to
generate a carbon-emission estimating technique. Two networks are used in a case study. Due to EVs’
propensity to select routes with charging stations, it has been discovered that the road network’s travel
time has increased by 27%. Perceived risk, safe electricity quantity, and anticipated charging electricity
all influence EV route choices. EVs can lower carbon dioxide emissions, but they cannot lower road
network energy usage. Furthermore, it was shown that the placement of charging stations significantly
affects traffic flow. The overall trip time, total carbon emissions, and balance of charging station
utilisation metrics in the transportation network have all comparatively decreased once charging station
locations were optimised. These include a 0.2% reduction in total journey time, a 1.85% reduction in total
carbon emissions, and a 0.95% reduction in the balance of charging station use. The study is useful for
forecasting traffic flow and carbon emissions, as well as for building road networks and deciding where to
put charging heaps.

Introduction

Transportation is the main source of carbon
emissions, and several nations have implemented
carbon reduction regulations in response to global
warming. The United States’ “Long-Term Strategy
Pathways to Net-Zero Greenhouse Gas Emissions
by 2050,” China’s “The Action Plan for Peak
Carbon Dioxide Emissions by 2030,” and the
United Kingdom’s “Clean Growth Strategy” are a
few examples. Reducing carbon emissions requires
encouraging travellers to select eco-friendly means
of transportation. It is anticipated that electric

during the transition until EVs eventually

completely replace OFVs.

Additionally, there are several issues with EVs
that must be resolved: First, there aren’t many
charging stations, therefore it’s important to
figure out how to make the most of them; Second,
EVs can only go a short distance, which makes
drivers nervous. Lastly, EV users’ driving habits
differ from those of OFVs, which may have new
effects on the road network. As a result, academics
are actively researching subjects like energy use,
charging behaviour, and EV path selection.

cars (EVs) will lower air pollution and carbon
emissions, which will prompt significant
development of related transportation
infrastructure. Oil-fueled cars (OFVs) and electric
vehicles (EVs) will coexist in a mixed traffic flow

Cai et al. [1] suggested two charging strategies
in those studies on EV charging behaviour: system
optimisation and user optimisation. They noted
that while the system optimisation method
concentrates on coordinating and regulating
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charging behaviour on a larger scale, the user
optimisation strategy seeks to direct individual
charging behaviour. In order to investigate
charging strategies for connected EVs, Liu [2]
created a charging process function and vehicle
energy consumption model. By simulating EV trip
characteristics using the Monte Carlo approach,
Wang et al. [3] established a model to forecast EV
charging demand. Yang et al. [4] examined the
effects of driving distance and trip duration on
high-power charging for private EVs. An
algorithm for charging advice based on geometry
was created by Wang et al. [5] and is appropriate
for intelligent charging services. In order to mimic
charging decisions at the destination, Pan et al.
[6] created a charging choice behaviour model for
EV drivers based on a logit model. Using survey
data, Yang et al. [7] suggested a nested logit
model and a polynomial logit model to compare
the travel habits of EV and OFV drivers. Wang et
al. [8] examined EV drivers’ charging habits while
taking satisfaction and heterogeneity into
account. A multistage optimisation approach was
presented by Wang et al. [9] to give EV drivers
intercity trip charging options. In order to reduce
societal costs, Xiong et al. [10] developed an
optimisation model for charging stations. They
used a K-level nested quantum response
equilibrium model to examine how EV drivers
make decisions while charging. He et al. [11]
examined the impact of EVs’ constrained driving
range and charging needs on route selection;
however, they did not take into account the
position planning of charging piles in the hybrid
traffic network and instead utilised a linear
charging function to calculate charging time. To
examine KV driving routes and their effects on
traffic network performance, Agrawal et al. [12]
created a multiclass dynamic user equilibrium
model.

In order to balance EV route selection and
charging waiting time, Chen et al. [13] suggested
a bi-level programming methodology to optimise
the location and capacity of charging facilities.
Drivers’ preferences change from journey time
and distance before using EVs to route
accessibility afterward, according to Jensen et al.
[14]. It suggests that the assumptions of path
difficulties and the EV traffic planning model
would need to be changed. In order to reduce the
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overall travel time, Pourazarm and Cassandras
[15] investigated the EV path problem in networks
with charging sites. A path selection strategy for
EVs that integrates charging time and variable
travel time consideration based on distance limit
and EV charging demand was proposed by Shao et
al. [16].

Within the field of energy consumption
literature, Cai [17] created a path planning model
that included a nonlinear charging function and
the EV energy consumption model. Song [18]
suggested an energy consumption model that takes
into account the relationship between battery
energy consumption and the vehicle driving index
under different driving circumstances. Based on
energy usage statistics, He et al. [19] proposed an
emission model for EVs and OFVs. Using real
driving condition data and taking into account the
relationship between speed and link, Zhang and
Yao [20] created an energy consumption factor
model. In order to examine the impact of EV
penetration on road traffic conditions and energy
consumption, Yao et al. [21] looked into models of
electricity and petrol usage. Zhong et al. [22]
addressed suboptimal charging pricing schemes
within fixed and elastic demand user equilibrium
frameworks by incorporating environmental
capacity limitations into mixed EV and OFV
network traffic to reduce emissions in protected
areas. Yao et al. [23] highlighted the critical impact
of the energy consumption coefficient in road
energy consumption by analysing differences in
energy consumption models across different road
configurations using vehicle-specific electricity as
an intermediate variable.

In conclusion, while previous research has
examined how charging piles are categorised in
relation to travel, it has not examined traffic
equilibrium assignment taking into account the
hierarchical arrangement of charging piles within
mixed traffic flows. Regarding the traffic
equilibrium assignment research, previous studies
modelled the EV route selection by restricting the
EV’s range, neglecting to take user perception
deviation and the state of charge (SOC) into
account. Furthermore, it is uncertain how EVs will
affect the road network, and more research is
needed to determine how to evaluate network
carbon emissions.
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This work creates a mixed user equilibrium
(M-UE) traffic assignment model to examine path
selection, charging behaviour, charging station
utilisation, and traffic flow distribution in order to
fill these research gaps. Traveller risk perception,
perceived time deviation, and beginning SOC are
among the factors considered. By adding minimal
remaining charge and desired charge parameters,
a unique approach to characterise charging
behaviour 1s put forth. A carbon-emission
approach based on the mixed equilibrium
assignment model is also created.

The rest of this document is structured as
follows: A carbon-emissions approach and a mixed
traffic equilibrium assignment model are
presented in Section 2. A case study is presented in
Section 3, and significant findings are outlined in
Section 4.

Methodology

The influence of EVs on traffic flow assignment
and carbon emissions on the road network is the
primary focus of this study. Due to range anxiety
and the need to think about charging, EV drivers
choose different routes than fuel-powered vehicles.
In order to explain how EVs affect flow
distribution, a new traffic assignment model must
be proposed. The impact of EVs on the road
network is then examined by setting up a carbon
emission calculation model based on traffic volume
derived from the traffic assignment model.

Mixed Traffic Equilibrium Assignment Model

Several assumptions about the kinds of
vehicles and their behaviour within the network
are made In order to simplify the model in this
study. EVs and conventional OFVs make up the
network. Based on their personal experience, OFV
users select the route that takes the least amount
of time. EV customers, on the other hand, take into
account both travel and charging times when
making decisions. Depending on distance and
SOC, EVs must be charged at stations situated at
the network’s connection nodes. EV users and OFV
users are the two user types taken into
consideration. While OFVs are presumed to have
enough petrol to finish their journey, EVs may
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need to charge while travelling to ensure they
reach their destination. The perceived trip time
and danger perceptions of EV wusers differ.
Furthermore, the traffic network has a finite
number of charging stations.

Conclusion

In order to evaluate the effect of EVs on traffic
assignment, the study creates a mixed equilibrium
model that takes travellers’ beginning battery
level, perceived time deviation, and risk
perception into account. In order to estimate CO2
emissions in the network, a carbon emission model
is also constructed based on traffic assignment.
Sensitivity studies for road type, safe remaining
electricity, desired charging electricity, and risk
perception are performed in two test cases to
examine the effects of EV features on the network.
The results show that because EVs prefer routes
with charging stations, they will lengthen the
overall travel time on the road network. The road
network’s journey time has grown by 27%. Vehicle
routing decisions are influenced by the charging
state’s location and the user’s sense of risk. The
overall journey time, total carbon emissions, and
balance of charging station utilisation all fell by
0.2%, 1.85%, and 0.95%, respectively, when we
relocated a charging station. Additionally, the
kind of road and average speed have a significant
impact on carbon emissions. Mixed network
charge times are 113.83% longer than those of
main roads, although they are 21.96% and 17.29%
shorter than those of subsidiary and branch roads,
respectively.

The majority of current research focuses on
static road networks, which are frequently virtual
rather than actual networks. Future studies could
use real-world data to investigate traffic
assignment and billing strategies in dynamic
traffic flow networks. Additionally, a hybrid
stochastic user equilibrium model might be used
for additional research, taking into account users’
uncertainty regarding trip duration.
Simultaneously, the analysis of charging station
optimisation may enhance road traffic efficiency
and reduce future psychological “charging anxiety”
among EV customers.
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