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Abstract

Global food security is increasingly threatened by a growing population, adverse climate changes and the
expansion of degraded lands including salt-affected lands. As conventional crop domestication is a lengthy and
continuous process and it struggles to keep pace with emerging human needs and the demand for diverse crops.
With the escalating demand for food and the necessity for a variety of crops including nutrient-dense varieties,
biofuels, phytoremediation plants, and crops for bio-farming the neo-domestication has emerged as a critical
strategy. This approach focuses on developing novel crop plants and enhancing the resilience and productivity
of existing crops in challenging environments, particularly on unproductive, salt-affected soils. Neo-domestication
leverages the genetic variability existing among the crop wild relatives (CWRs) and underutilized species to
develop resilient crop varieties exhibiting improved tolerance to salinity. Understanding the mechanisms of
salinity stress in crop plants and their wild relatives is vital for the physiological adaptation of existing crops to
salt stress and for formulating effective management strategies. Salinity stress disrupts water uptake, ion balance,
and nutrient acquisition, ultimately leading to reduced growth and yield. To address these challenges, it is
imperative to incorporate salinity tolerance traits such as ion homeostasis, osmotic regulation, and stress-
responsive gene expression into domesticated crops. However, wild relatives of salt-tolerant crops harboring
linkage drags are sometimes difficult to be used via traditional breeding approaches. Neo-domestication offers
a novel solution by combining advanced genome editing tools, such as CRISPR-Cas9, with other modern
approaches like genome-wide association studies (GWAS), pan-genomics, thereby harnessing the genetic
potential of crop wild relatives (CWRs). This approach enables the precise modification of specific genes
associated with undesired traits in crop wild relatives, including shattering, anti-nutritional factors, and crossing
barriers, rendering them suitable for development as new crops or as germplasm in breeding programs. Several
wild relatives exhibit salt-stress tolerance, which can be used to accelerate the development of crops capable of
thriving in saline environments. Additionally, exploring alternative crops that inherently tolerate high salinity
opens new avenues for cultivation in saline conditions with diverse applications.

Key words: Genome editing tools, Neo-domestication, Salt-affected lands, Salinity tolerance, Stress-resilient crops

Global Status of Salt-Affected Soils (2024),
approximately 1.381 billion hectares, representing
10.7% of the land globally, are affected by salinity,
including both saline and sodic soils. Currently,
around 10% of world’s rainfed and irrigated

Introduction

The increasing global population, coupled with
the pressing challenges of climate change, has
intensified the need for innovative strategies to

ensure food security (Myers ef al., 2017). One of
the most significant challenges in agricultural
production is the degradation of arable land,
particularly due to salinity. The presence of salt-
affected soils, a term that broadly encompasses
saline, sodic, and saline-sodic types, has been
shown to severely hinder the agricultural
productivity and environmental sustainability
(Lee, 2023). As per the latest FAO report, titled

croplands are impacted, with projections
indicating this could rise to 24-32% due to climate
change (FAO, 2024). This phenomenon is
particularly prevalent in arid and semi-arid
regions, where improper irrigation practices, poor
drainage, and rising groundwater levels exacerbate
the accumulation of salts in the soil. The
consequences of soil salinity are severe, leading
to reduced agricultural productivity, loss of arable
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land, and ultimately, the displacement of farming
communities (Ismail and Horie, 2017). Addressing
these complex challenges necessitates a funda-
mental transformation of agricultural production
systems. Improving crop productivity per unit area
through responsible resource management and
efficient use of water and fertilizers, can
significantly contribute to sustainable crop
production (Razzaq et al., 2021). To address
climate change and ensure food security, the
development of climate-smart crop varieties
capable of withstanding diverse environmental
conditions is essential (Dawson et al., 2019).

Neo-domestication refers to the process of
bringing wild or semi-wild plant species into
cultivation, with the aim of developing new crop
varieties that can thrive under specific environ-
mental conditions, such as high soil salinity
(Gasparini et al., 2021). Unlike traditional crop
domestication, which occurred over thousands of
years, neo-domestication leverages modern
breeding techniques and biotechnological
advancements to rapidly develop crop species that
are better suited to the challenges posed by
contemporary agriculture. The primary objective
of neo-domestication is to enhance agronomic
traits and improve acclimatization by rigorously
screening and selecting the best-performing
cultivars, including crop wild relatives (CWRs)
and traditional landraces (Razzaq et al., 2021).
This strategy aims to create novel or improved
crop varieties that can withstand diverse
environmental conditions and deliver higher
productivity, ensuring greater resilience to climate
challenges (Purugganan, 2019; Fernie and Yan,
2019). Salinity imposes multiple stresses on plants,
including osmotic stress, ion toxicity, and
disrupted nutrient uptake, all of which severely
limit plant growth and yield. Traditional crops,
which have been bred for high yield under optimal
conditions, often lack the resilience needed to cope
with the harsh conditions of saline soils (Hossain
and Shah, 2019). Consequently, there is a need to
explore alternative crops that possess inherent
tolerance to salinity and can be cultivated on
marginal lands that are currently unproductive
(Wani et al., 2020). Neo-domestication provides a
pathway to achieving this by harnessing the
genetic diversity of wild plant species that have
naturally adapted to saline environments.

Several wild and underutilized plant species
have shown remarkable tolerance to salinity,
making them prime candidates for neo-
domestication (Purugganan, 2019). Since the
introduction of first genetically modified crop, the
“Flavr Savr tomato”, back in 1994, over 500 events
belonging to 33 crop species have been approved
by the regulatory authorities and commercialized
across various countries (Paul et al., 2018). By
bringing these species into cultivation and
improving their agronomic traits through breeding
and genetic engineering, it is possible to develop
new crop varieties that can be grown on salt-
affected lands, thereby turning these unproductive
areas into productive agricultural landscapes
(Marsh et al., 2021). In light of the outlined
challenges, there is a pressing need to develop and
adopt alternative and rapid molecular breeding
strategies aimed at enhancing genetic gains and
improving salinity resilience in domesticated
Crops.

Through this review, we examine the effects
of soil salinity on crop productivity, with a focus
on gaining insights into the underlying
mechanisms that enable plants to tolerate saline
conditions. We also discuss advanced techniques,
such as genome editing and multi-omics
approaches to better understand and enhance
these salt tolerance mechanisms. Pan-genomics,
which involves the study of the entire gene pool
of a species, provides insights into genetic diversity
and potential targets for neo-domestication. By
integrating pan-genomic insights with genome
editing tools, we can enhance our understanding
of salt tolerance mechanisms and advance their
effectiveness. We argue that neo-domestication,
combined with these advanced tools, offers a
promising strategy for developing salt-tolerant
crop varieties. Additionally, we address current
limitations and challenges in this field and propose
future directions for research and application to
improve crop resilience and productivity in
saline-affected areas using accelerated crop
domestication.

Salinity Stress in Crops-Response Mechanisms
and Tolerance Strategies

In order to design effective agricultural practices
that enhance salt tolerance capacity in plants and
enable them to flourish under conditions of salt
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stress, it is imperative to understand the
implications of salinity on agricultural crops.
Salinity causes a range of biochemical disruptions
in plants, which in turn impairs their overall
growth and development. However, some plants
have a natural ability to tolerate higher
concentrations of salt, whereas others may have
difficulty coping with even low levels of salinity
(Yadav et al., 2019). The major physiological
processes impacted during conditions of salt stress
are impaired seed germination, reduced
photosynthesis, nutritional imbalances, osmotic
stress, ionic disturbances, specifically an altered
Na*/K" ratio, and accumulation of reactive
oxygen species (ROS). Additionally, salt stress can
alter morphological attributes such as stunted
growth, delayed flowering, and root deterioration
(Fig. 1; Kumar et al., 2020). All these factors
collectively contribute to the reduction in
physiological functions, growth, and yield of
agriculturally imperative crops. The notable
impacts of soil salinity on plant survival, along
with the various strategies plants employ to
withstand salt stress, are discussed below.

Impaired photosynthesis under salinity

Salinity exerts a direct and detrimental impact on
the process of photosynthesis in plants (Singh et
al., 2016; Zahra et al., 2022). The generation of
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ROS under salt stress inhibits enzyme activities
and disrupts the biochemical reactions essential
for energy conversion during photosynthesis
(Jiang et al., 2017). Additionally, salinity leads to
areduction in photosynthetic pigment content and
interferes with the biosynthetic machinery
necessary for pigment production (Singh et al.,
2022). Salinity has also been shown to disrupt the
efficiency of photosystem II (PSII), affect the
electron transport chain, and impair oxygen
evolution (Singh et al., 2022). Significant
alterations in chlorophyll fluorescence have been
observed in various plants species exposed to salt
stress. For instance, in Solanum melongna, overall
reduction in net photosynthetic rate has been
reported which was attributed to reduced
chlorophyll contents, excessive production of
ROS, and inhibition of enzyme activities
(Hannachi et al., 2022). In case of Bermuda grass
(Cynodon dactylon), photo-synthesis was reduced
under saline conditions due to reduction in
chlorophyll contents (Liu ef al., 2023). Salinity also
impacts stomatal movements, transpiration rates,
and levels of CO, (Tru’ca et al., 2023).
Additionally, salt stress is known to impact
chloroplast function, which in turn affects the
process of photosynthesis (Hameed et al., 2021).
The deleterious impact of salt on overall
photosynthetic efficiency leads to reduced energy
production, growth, and yield potential.
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Fig. 1 Impact of excess salt on plants and some of the adaptive strategies they employ to manage saline stress
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Salinity induced osmotic stress

Disturbed cellular metabolism and altered nutrient
uptake leads to osmotic stress in plants that are
exposed to salinity (Negrao et al., 2017). Also, the
negative osmotic potential due to high Na* ions
creates an osmotic gradient and the water moves
out of the cells and reduces turgor pressure.
Furthermore, salinity leads to reduction in water
use efficiency, relative water content and rate of
transpiration (Sheldon ez al., 2017; Zhang et al.,
2016). Salinity directly leads to ionic imbalances
and osmotic stress which further leads to ROS
production and overall disruption in plant’s
growth and metabolism. Excess concentrations of
salt leads to elevated levels of Na* ions and
disturbs the overall Na*/K" ratio thereby altering
the osmotic potential and disrupting the normal
physiological water uptake (Hualpa-Ramirez ez al.,
2024). However, in order to overcome this osmotic
stress generated due to ionic imbalances, plants
deploy certain mechanisms of protection. One
major strategy that plants incorporate in
overcoming osmotic stress is production of
compatible solutes or osmolytes like proline,
glycine betaine, free amino acids, and sugars which
help in maintaining optimum osmotic potential
(Mehta and Vyas, 2023; Shehu e al., 2023).
Glycine betaine is an essential quaternary
ammonium compound whereas proline is an
amino acid and sugars like glucose, sucrose
mannitol, and other alcoholic sugars accumulate
readily under conditions of salt stress (Datir ez al.,
2020).

Disrupted mineral nutrition and ionic imbalances

Excessive Na* ions resulting from salinity induce
disturbances in ionic balances, particularly
affecting K* and Ca?' concentrations, which
consequently lead to deficiency symptoms
(Hussain et al., 2021). Reduced uptake of essential
ions disturbs the overall ionic ratio, which hinders
physiological processes and leads to growth
retardation (Hualpa-Ramirez et al., 2024).
Research in spinach has shown a clear link
between disrupted mineral nutrition and ionic
imbalances under saline conditions, where
increased salt levels led to lower concentrations
of essential ions (Jan ef al., 2021). Furthermore,
increased Na* concentrations in plants enhance

the uptake of chloride (Cl’) ions while disrupting
the absorption of sulfur and phosphate ions,
thereby exacerbating growth-related impairments
(Gupta and Huang, 2014). To mitigate ionic stress
induced by salinity, plants must implement
strategies to manage excess ions within their body.
Major strategies include the compartmentalization
of 10ons into organelles such as vacuoles, restricting
ion influx into the plant, and enhancing the efflux
of ions (Zhao et al., 2020). Furthermore, the Salt
Overly Sensitive (SOS) signaling pathway plays a
major role in exporting Na* ions, with several
studies reporting that the upregulation of SOS!
contributes to the development of tolerance
against saline conditions (Shahzad et al., 2022).
Also, High-Affinity Potassium Transporters
(HKTs) facilitate the exclusion of Na* ions and
promote the uptake of other divalent cations,
thereby contributing to the maintenance of ionic
balance (Xu et al., 2020). The strategies of ion
efflux, activation of transporters and
compartmentalization are essential for
maintaining optimum levels of different ions into
the plant body and develop salt tolerance.

Generation of ROS under salinity

One of the most significant adverse effects of
exposure to stress is the excessive production of
ROS (Jiang et al., 2017). Salt-induced oxidative
stress disrupts various biochemical functions,
starting with the inhibition of enzymatic activities
and progressing to the degradation of
biomolecules, loss of membrane integrity, and
causing irreversible damage to plant cells (Ahanger
et al., 2017; Ahmad er al., 2019). To mitigate
deleterious impacts of ROS, it is imperative to
uplift plant’s antioxidant defense system. This
system scavenges excess ROS and maintains a
balance between ROS generation and
detoxification, thereby ensuring the optimum
functioning of biomolecules and enzymes. Indeed,
several studies indicate that plants exposed to
saline conditions often increase their antioxidant
levels as a response to stress (Mushtaq et al., 2020).
Under salt stress, plants generate a variety of
reactive oxygen species or ROS, including
hydrogen peroxide (H,O,), hydroxyl radicals
(OH)), singlet oxygen, and superoxide anions
(O,). To counter the damaging effects of these
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reactive molecules, plants rely on a complex
antioxidant defense system comprising of
enzymatic antioxidants, such as superoxide
dismutase (SOD), peroxidase (POX), catalase
(CAT), and ascorbate peroxidase (APX), together
with non-enzymatic antioxidants like glutathione,
carotenoids, and vitamins (Nahar ez al., 2015). In
fact, salt-tolerant plants are known to upregulate
their antioxidant activities to effectively scavenge
the excess ROS produced under stress conditions.
However, extended exposure to severe salinity can
overwhelm and compromise these defense
mechanisms, thereby impairing the plant’s
capacity to deal with oxidative damage.

Neo-domestication- Concept and Importance

Neo-domestication has emerged as a valuable
approach in contemporary agriculture,
particularly in addressing the challenges posed by
unproductive, salt-affected lands. This innovative
approach involves the intentional selection and
incorporation of wild or semi-wild plant species,
which are naturally adapted to stressful conditions,
into the gene pool of cultivated crops (Fernie and
Yan, 2019). By leveraging advanced genomic and

breeding technologies, neo-domestication aims to
develop new crop varieties with improved salt-
tolerant, specifically adapted for cultivation on
marginal lands, ultimately boosting crop
productivity and promoting sustainable
agriculture and food security (Fig. 2) (Hoyos et
al., 2020). Neo-domestication diverges from
traditional crop improvement methods by focusing
on the potential of crop wild relatives (CWRs)
and underutilized species that possess inherent
traits for salt tolerance and resilience (Gasparini
et al., 2021; Razzagq, et al., 2021).

These traits, which often get lost during the
domestication of conventional crops, are
reintroduced through targeted or precision
breeding and genetic modification techniques,
facilitating the rapid development of crops that
are resilient to challenging environmental
conditions. Unlike conventional breeding, which
often dilutes these beneficial traits, neo-
domestication preserves and enhances the genetic
diversity essential for resilience against salinity and
other abiotic stresses (Wang et al., 2018). The
process of neo-domestication involves several
critical steps, beginning with the identification of

Crop Wild Relatives
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stress-responsive candidate genes in the crop wild
relatives (CWRs) through high-throughput
sequencing and transcriptomic profiling (Shelef
et al., 2017). Advances in next-generation
sequencing (NGS) technologies have made it
possible to efficiently map and sequence the
genomes of these wild species, uncovering key
genes responsible for salinity tolerance. Once
identified, these genes can then be incorporated
into the genomes of domesticated crops through
precision breeding techniques such as CRISPR-
Cas9 based genome editing, that facilitates the
incorporation of desirable traits without
disrupting other agronomically important
characteristics (Kang ez al., 2016). In the context
of managing salt-affected lands, neo-
domestication focuses on traits such as efficient
ion regulation, osmotic balance, and salt exclusion
mechanisms at the cellular level. These traits,
which are typically polygenic and complex, can
be challenging to harness. However, by targeting
specific monogenic pathways using genome
editing tools, researchers can create crop varieties
that exhibit enhanced salt tolerance while
maintaining high yield potential and nutritional
value (Khan et al., 2019).

The ultimate goal of neo-domestication is to
develop crop varieties that not only survive but
also thrive in salt-affected soils, transforming these
unproductive lands into viable agricultural zones.
This approach not only increases the genetic
diversity of agricultural systems but also enhances
the resilience of crops to future climate challenges.
As more genomes of CWRs and halophytes are
sequenced, the potential for neo-domestication to
revolutionize agriculture on salt-affected lands
increases, offering a sustainable solution to one
of the most pressing challenges in global food
production (Usadel ez al., 2018).

Accelerated Neo-domestication for Salt-
tolerance in Crops Using Genome Editing

The entire history of crop improvement can be
categorized into four generations. The first-
generation (1G) breeding relied on traditional
phenotypic selections by local farmers. This was
followed by the generation of Hybrid breeding
(2G) which employed mating designs and

statistical analyses, leading to the first “Green
revolution” in the 1950s. The third generation
(3G), also referred to as the second Green
Revolution, introduced biotechnology-based
breeding. The fourth generation (4G) is presently
underway, integrating genome editing, high-
throughput sequencing and data-driven precision
breeding to adapt crops to specific regional
climates. This approach aims to develop a more
sustainable and climate-friendly agricultural
system (Fernie and Yan, 2019).

Recent advances in genomics have
significantly expanded our understanding of
complex trait inheritance. With advent of next-
generation sequencing and multi-omics
technologies, it has now become possible for
researchers to identify genes/alleles driving
desirable traits in both domesticated crops and
their wild ancestors. Such an understanding is
critical for employing precise genome-editing
strategies using tools like CRISPR/Cas9, which
allows for the targeted and accurate alteration of
the specific genes without introducing any foreign
DNA (Pattnaik ez al., 2023). The CRISPR/Cas9
system, which is based on a prokaryotic immune
system, uses the Cas9 nuclease to induce double-
stranded DNA breaks at specific genome regions
that match with pre-programmed guide RNAs.
The cell’s repair mechanisms then modify the
DNA, enabling gene knockouts, insertions, or base
edits (Altpeter ez al., 2016).

In this context, genome editing can be used as
a viable tool to target genes associated with key
domestication traits in wild relatives or orphan
crops, transforming them into viable agricultural
options, a process often referred to as de novo
domestication. This emerging approach enables
the development of elite lines with enhanced
performance, bypassing many of the limitations
of conventional breeding (Krug et al., 2023). In
fact, some of the earliest attempts to manipulate
domestication-related genes in crop wild relatives
(CWRs) have already shown encouraging results.
These proof-of concept studies serve as models
for applying de novo domestication to a broader
range of crops paving way to develop resilient,
high-performing cultivars that are better adapted
to environmental or other stress factors (Fernie
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and Yan 2019). A pioneering study by Li et al.
(2018) demonstrated the feasibility of de novo
domestication in Solanum pimpinellifolium, a wild
tomato species known for its inherent stress
tolerance but limited agronomic performance.
Using CRISPR/Cas9-based multiplex editing, the
researchers simultaneously targeted multiple genes
associated with key domestication traits such as
plant architecture, flowering, and fruit
development to accelerate the acquisition of
agronomically suitable traits. The edited lines
exhibited improved domestication characteristics,
including a more compact plant architecture,
increased fruit size and number, all the while
retaining the plant’s innate stress resilience. Oryza
alta, an allotetraploid wild rice species, exhibits
superior tolerance to both biotic and abiotic
stresses and produces higher biomass compared
to cultivated diploid rice (Oryza sativa). Despite
these advantages, its utility as a crop is limited by
undesirable agronomic traits, including excessive
seed shattering, long awns, low grain yield, poor
grain quality, tall stature, sparse panicles, and
strong photoperiod sensitivity (Xie and Liu, 2021).
In an effort to overcome these limitations, Yu et
al. (2021) used CRISPR/Cas9 genome editing as
a de novo domestication strategy targeting key
traits in O. alta. A total of six agronomically
important genes, namely OagqSHI (for seed
shattering), OaAN-1 (for awn length), OaSDI (for
plant height), OaGhd7 and OaDTH7 (for heading
date), and OaGS3 (for seed size) were subjected
to editing. The resulting lines showed reduced seed
shattering and shorter awns, along with noticeable
improvements in other agronomic traits. This
work underscores the potential of targeted genome
editing in accelerating the domestication of
complex polyploid species into novel, resilient
cereal crops within a few generations. Recent
research has extended genome editing efforts to
Hordeum marinum (sea barley grass), a wild
Triticeae species naturally adapted to saline and
waterlogged environments. With the assembly of
a high-quality reference genome and the
establishment of CRISPR/Cas9-based protocols,
this work opens up new possibilities for tapping
into its stress-resilience traits—paving the way for
future crop improvement efforts in cereals (Kuang
etal., 2022).

Developing salinity tolerance in crops remains
a complex challenge, as it involves multiple genes
and intricate regulatory networks. Targeting a
single gene is rarely sufficient, making genome
editing approaches that can simultaneously
modify several loci particularly valuable. In this
context, de novo domestication emerges as a
promising strategy to reprogram wild or
underutilized species for stress resilience,
including salt tolerance (Razzaq et al., 2021).
However, practical challenges, such as the need
for efficient transformation systems, genotype-
specific tissue culture protocols, and regulatory
constraints, still limit its widespread application
(Pattnaik er al., 2023). Even so, genome editing
stands out as a powerful tool in the breeder’s
toolkit—one that can work hand in hand with
traditional approaches to build the next generation
of resilient crops.

Resilient crops and their potential in saline
environment

The increasing reliance on saline or low-quality
water for irrigation has severely degraded arable
land in many areas, making it necessary to explore
alternative farming strategies. In areas facing
increasing soil salinity, introducing salt-tolerant
alternative crops is a key solution for sustaining
agricultural productivity and supporting local
economic growth. These crops provide farmers
with diverse cultivation options, particularly when
traditional crops become unprofitable due to high
salinity in soil and water (Ismail et al., 2019).
Recently, the cultivation of alternative crops has
been acknowledged as a viable strategy for
ensuring nutritional adequacy and food
sufficiency, particularly in ecologically vulnerable
and evolving environments (Dagar et al., 2016).
This paper highlights several alternative crops and
species that are essential for promoting food,
nutrition, and income security, particularly for
small-scale farmers operating in salt-affected
regions. These crops range from moderately
sensitive to highly tolerant varieties and include
certain underutilized species such as halophytes.
Below is an overview of alternative crops that have
demonstrated the ability to maintain agricultural
productivity under saline soil conditions.
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Several fast growing, salt-resilient crops with
dual use potential (as both forage and grain),
particularly barley, sorghum, pearl millet, and
brassica, have been successfully cultivated under
saline field conditions, tolerating salinity levels as
high as 15 dS m'. Likewise, oilseed crops such as
canola and safflower have demonstrated resilience
to saline conditions, with yield reductions limited
to 12-15% under moderate salinity levels (10 dS
m') and reaching up to 30% under severe salinity
stress (15 dS m!) (Dakheel et al., 2015) (Table 1).
Moreover, certain underutilized and orphan crops
have also shown good productivity in harsh
environments. For instance, salt-tolerant mustard
varieties developed by the Central Soil Salinity
Research Institute (CSSRI) in India have
demonstrated the ability to yield between 1.18 to
1.73 tons of seeds per hectare when irrigated with
water having salinity levels of up to 10 dS m
(Dagar et al., 2014). Barley has also been identified
as a highly suitable crop for saline irrigation in

Table 1. Salt-tolerant crops suitable for saline environments

arid regions, yielding 2.46 tons of grain and 2.95
tons of straw per hectare with saline irrigation
water (ECiw 10 dS m™) (Rao et al., 2017).
Additionally, pearl millet has produced grain
yields of 1.72-2.18 tons and fodder yields of 10.0—
11.25 tons per hectare when cultivated with saline
irrigation in agroforestry systems (Dagar, 2014).
In contrast, staple crops like maize, rice, and wheat
typically exhibit higher sensitivity to saline
conditions, underscoring the value of neglected
and underutilized crop species (NUCS) as viable
alternatives for marginal environments. These
crops tend to be more resilient and better suited
to challenging growing conditions, such as poor
soil fertility and water scarcity. NUCS not only
play a vital role in food production, but also offer
opportunities for local income generation through
product diversification (Dagar, 2018). The
strategic selection of crop species based on their
potential to enhance food availability, alleviate
poverty and strengthen ecological resilience is of

Crop/Species Yield Performance

Reference

Barley (Hordeum vulgare)
EC,, 10dS m?!

Sorghum (Sorghum bicolor)

Pearl millet (Pennisetum glaucum)

Brassica spp.

Canola (Brassica napus)

Safflower (Carthamus tinctorius)

Mustard (Brassica juncea)

Cluster bean (Cyamopsis tetragonoloba)

Asparagus (Asparagus officinalis)

Distichlis spicata

Paspalum vaginatum

Sporobolus virginicus

Sporobolus arabicus

Cotton (Gossypium hirsutum)

Wheat (Triticum aestivum,)

saline conditions
Rice (Oryza sativa)

Grain yield: 2.46 Mg ha''; Straw yield: 2.95 Mg ha'at
Dry matter yield: 11.1-31.9 Mg ha’! (single-cut);
5.4-7.9 Mg ha'! (multi-cut)

Grain yield: 1.72-2.18 Mg ha!; Fodder yield: 10.0—
11.25 Mg ha'under saline irrigation in agroforestry systems

Forage yield: 16.8-29.8 Mg ha'!

Yield reduction: 12-15% at 10 dS m™; up to 30% at 15 dS m™
Grain yield: up to 2 Mg ha'; Biological yield: up to 7 Mg ha'!
Seed yield: 1.18-1.73 Mg ha'a under saline irrigation

Seed yield reduction: 15% at 5 dS m'!; 24% at 10 dS m'!
Spear yield: 36.3-159.2 g per plant at 15 dS m'!

Dry biomass: 10-15 Mg ha'under saline conditions
Dry biomass: 10-20 Mg ha™! under saline conditions
Adapted to saline soils; specific yield data not available

Dry biomass: 10-15 Mg ha'under saline conditions
Yield decreases by 15% at 8-10 dS m; 55% at 18 dS m™!
Selection of salt-tolerant genotypes for better yield under

Development of salt-tolerant varieties to ssustain yield
under saline conditions

Dagar et al. (2014);
Abdelrady et al. (2024)

Dakheel et al. (2015);
Calone et al. (2020)

Dagar (2014); Dhawi
(2023)

Dakheel et al. (2015);
Ilyas et al. (2024)

Dakheel et al. (2015);
Ilyas et al. (2024)

Fraj et al. (2013);
Fatahiyan ez al. (2025)

Dagar et al. (2014);
Sharaya et al. (2023)

Alinia et al. (2024)
Gao etal. (2021)
Rao eral. (2017)
Rao eral. (2017)

Tada et al. (2019);
Rao eral. (2017)

Tada et al. (2019);
Rao et al. (2017)
An et al. (2025),
Ren et al. (2021)
Akram et al. (2025)

Riaz et al. (2019)
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paramount importance. However, many NUCS
remain under-researched, necessitating further
investigations to improve their yields and optimize
cultivation techniques. By prioritizing high-
potential crop species capable of meeting food and
nutritional needs in marginal environments, the
benefits of NUCS can be effectively realized.

Additionally, wild grasses, shrubs, and trees
that are naturally adapted to extreme conditions
such as drought and salinity have been explored
for their potential use as forage and fuel sources
(Shannon ez al., 2000). Halophytic perennial forage
grasses, including species like Distichlis spicata,
Paspalum vaginatum, Sporobolus virginicus, and
Sporobolus arabicus, have been successfully
cultivated on salt-affected lands. Research has
shown that these grasses can accumulate
significant amounts of salt in their leaves and
stems while effectively excluding it at the root
level, making them safe for livestock consumption.
These grasses offer a sustainable solution for
utilizing limited water resources to produce forage
and help restore salt-degraded farms that are
unsuitable for conventional crops (Rao et al.,
2017).

Pan-genomic analysis: advancing crop adaptation
to stressful environments

Neo-domestication of crop plants, aided by
advancements in pan-genomic techniques, offers
a promising avenue to develop varieties with
improved adaptability to salinity and other abiotic
stresses, potentially transforming unproductive
lands into cultivable areas. Historically, traditional
breeding methods have been employed to select
crop varieties exhibiting traits like enhanced yield,
disease resistance, and resilience to environmental
stresses. However, these methods rely on the
genetic diversity present in domesticated crop
species, which can be limited due to selective
breeding practices. To overcome this limitation,
pan genomics has emerged as a powerful tool,
allowing the exploration of genetic diversity across
entire species by assembling multiple genomes,
including those of cultivated lines, landraces, and
wild relatives of crop species (Della Coletta ez al.,
2021). Unlike traditional reference genomes,
which provide a single genome sequence for a

species, pan-genomes capture the complete genetic
diversity within a species (Bayer et al., 2020). By
including structural variations (SVs), such as copy
number variants (CNVs) and presence/absence
variants (PAVs), pan-genomes provide a
comprehensive view of the genetic repertoire,
allowing researchers to investigate genotype-
phenotype relationships in unprecedented detail.
This approach has already been applied to several
key crop species, including rice, wheat, soybean,
and tomato, uncovering valuable information
about the genetic foundations of traits like stress
tolerance, disease resistance, and yield
enhancement (Zhao ez al., 2020).

One of the main advantages of pan-genomics
is its ability to detect structural variations that may
not be captured by single reference genomes. SVs,
including CNVs and PAVs, can significantly
impact gene content, leading to variations in traits
such as salinity tolerance (Hirsch et al., 2014).
CNVs refer to variations in the number of copies
of a gene or genomic region, while PAVs are more
extreme, where specific genes may be completely
absent in some individuals (Danilevicz et al.,
2020). These variations are particularly important
in stress tolerance, influencing the expression of
genes responsive to abiotic stresses like salinity,
drought, and temperature extremes (Hirsch et al.,
2014). For instance, analysis of soybean pan-
genome showed that approximately 20% of its
genome is variable, consisting of genes linked to
environmental adaptation, which could provide
insights into stress tolerance mechanisms (Li ez
al., 2018). Wild relatives of crop plants (CWRs)
are an untapped reservoir of genetic diversity,
harboring traits that have been lost or
underutilized during domestication. CWRs often
possess superior traits for stress tolerance, having
evolved in diverse environments (Golicz et al.,
2016). Pan-genomics provides a platform to
explore the genetic potential of CWRs by
comparing their genomes with domesticated crop
varieties (Tao et al., 2019). For example, the
Brassica oleracea pan-genome, which includes both
cultivated varieties and wild relatives, revealed that
close to 20% of its genes display CNVs and PAVs.
These variable genes are functionally related to
responses against cold, drought, salinity, and
pathogens (Golicz et al., 2016). Similarly, the
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wheat pan-genome has uncovered genes involved
in defense mechanisms and adaptation to
environmental stresses, offering valuable
information for improving stress tolerance in
domesticated crops (Montenegro et al., 2017). By
incorporating the genetic diversity of CWRs into
breeding programs, it becomes possible to
reintroduce lost or underutilized traits, such as
salinity tolerance, into modern crop varieties. This
approach, known as neo-domestication, holds
great promise for developing crops that can
successfully grow in saline soils, thereby
enhancing agricultural productivity in regions
where traditional crops often underperform or fail
(Bayer ez al., 2020).

Salt-affected lands pose a critical threat to
global food production, as high salinity levels
disrupt plant growth and reduce crop yields.
Traditional methods for managing salt-affected
lands, such as soil reclamation and salt-tolerant
crops, have limited success. Pan genomics offers
a new approach by identifying genetic variations
related to salinity tolerance. For example, the rice
pan-genome identified the SublA gene, which
confers submergence tolerance (Schatz et al.,
2014). Pan-genomic studies have also identified
loci linked to improved yield (LRK), and
phosphorus stress (Pupl), highlighting their
potential for managing salt-affected soils (Schatz
et al., 2014). Furthermore, pan-genomic analysis
can offer a deeper understanding of genomic
structures associated with stress tolerance. For
example, the maize pan-genome revealed that 15-
40% of the genome exhibits variability, with genes
displaying PAVs linked to abiotic stress tolerance
(Hirsch et al., 2014).

The insights gained from pan-genomic
research can be used to accelerate precision
breeding for developing salt-tolerant crop varieties.
Marker-assisted selection (MAS) enables breeders
to identify and select individuals with desirable
traits for breeding programs (Zhao et al., 2020).
Further, genome editing technologies, such as
CRISPR-Cas9, can also be employed to neo-
domesticate crops for salt-affected lands by
introducing or enhancing specific traits. For
instance, editing the SublA gene in rice can
improve submergence tolerance, making crops
more resilient to flooding. By integrating pan-

genomics with genome editing, it is possible to
develop elite crop varieties specifically adapted to
salt-affected soils, contributing to more sustainable
agricultural practices (Khan ez al., 2020). Although
the potential of pan-genomics to address
challenges associated with salt-affected lands is
evident, several issues persist. These include the
need for comprehensive pan-genome assemblies
for key crop species, particularly those cultivated
in salt-affected regions. Furthermore, precise
functional characterization of the variable
genomic regions is critical for effective
identification and utilization of candidate genes
in crop improvement and breeding efforts.
Interdisciplinary collaboration between
geneticists, agronomists, and soil scientists is
crucial to fully realize the benefits of pan genomics
for managing salt-affected lands (Hiibner ez al.,
2019).

Conclusion

The continuous expansion of salt-affected soils
worldwide is posing a serious threat to global food
security and our ability to sustain a growing
population. This calls for adoption of innovative
and sustainable agricultural strategies that can
develop stress-resilient crops in a directed and
expedited manner. One promising solution
gaining traction is neo-domestication, an
approach that focuses on targeted domestication
of wild and underutilized plant species by
introducing key domestication traits while
retaining their inherent stress tolerance. By
harnessing the rich genetic diversity of crop wild
relatives (CWRs) and lesser-known orphan crops,
neo-domestication aims to reintroduce diversity
and environmental adaptability into modern
agriculture. Unlike traditional domestication,
which is a long-drawn, multi-generational process,
neo-domestication when combined with advances
in molecular breeding and genome editing has the
potential to accelerate crop improvement through
rapid and precise incorporation of target traits.
Breakthroughs such as high resolution pangenome
assemblies have uncovered valuable genetic
variations and stress-responsive alleles in both
popular and underutilized crops. These insights,
along with genome editing tools like CRISPR-
Cas9, facilitate targeted modification of genes
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regulating salt stress responses. While certain
practical barriers, like limited transformation
protocols and regulatory hurdles, still need to be
addressed, the long-term potential of neo-
domestication is compelling. By combining
genetic exploration and modern biotechnological
tools, this approach offers a viable path toward
developing stress-tolerant crops and restoring
productivity on saline and marginal lands.
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