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Abstract: Soil salinity is a growing constraint on crop production, especially in
arid and semi-arid regions of the world where freshwater is scarce and
irrigation water often has poor quality. Sugar beet (Beta vulgaris L.) is an
important crop with relatively high salt tolerance that is increasingly valued for
its potential to grow on marginal lands. This review combines current
knowledge and recent advances in improving sugar beet’s tolerance to salinity
stress through agronomic practices, as well as physiological and
environmentally friendly methods to manage salinity. Key topics include how
sugar beet responds to salinity at the morphological and physiological levels,
tolerance mechanisms such as osmotic adjustment and antioxidant activity,
effects of salinity on yield and sugar quality, and various salinity mitigation
strategies. These strategies involve the application of organic amendments
(biochar, compost, humic substances), improved nutrient management
(potassium, phosphorus, silicon, and micronutrients), biostimulants and plant
hormones applied to the foliage (salicylic acid, melatonin, GABA), microbial
inoculants (PGPR and AMF), and seed priming techniques. The review also
discusses regulated deficit irrigation and the development of salt-tolerant
cultivars. The importance of sustainable, low-impact approaches to enhance
soil health, boost plant tolerance to stress, and improve water efficiency will be
emphasized. Ultimately, this review identifies gaps in our understanding of
sustainable interventions and offers guidance for future research to expand
sugar beet cultivation in saline environments.

1. Introduction

In semi-arid and arid regions, precipitation is often infrequent and
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irregular, access to freshwater is limited, and high
temperature causes high rates of evapotranspiration
(Ribeiro et al., 2024). Under such conditions, farmers
rely on irrigation to prevent crops from experiencing
drought stress and to maintain productivity (Gadelha
et al., 2021). However, due to the scarcity of
freshwater, low-quality or brackish water is often
used for irrigation (El-Kady et al., 2021). Over time,
this practice tends to increase soil salinity and
degradation, ultimately reducing both the yield and
economic value of the cultivated crops (Ahmed et al.,
2007).

Soil salinity and sodicity pose a serious threat to
food security by reducing crop productivity through
mechanisms such as physiological drought, nutrient
imbalances, and oxidative stress. Moreover, high
concentrations of sodium (Na*) and chloride (Cl) ions
contribute to soil dispersion and can exert toxic
effects on plant growth (Hafez et al., 2021; Othman
et al., 2023). Therefore, adopting appropriate
agricultural practices in arid regions is essential to
enhance water use efficiency under drought and
saline conditions (Pereira Filho et al., 2019). One
promising strategy to address both freshwater
scarcity and soil salinity, both of which are acute in
semi-arid regions, is cultivating salt-tolerant crops
such as sugar beet (Beta vulgaris L.) (Flowers, 2004).
This crop offers additional benefits, including
reducing dependency on imported sugar and
providing valuable by-products for animal feed. It
also has potential in renewable energy production
through bioethanol and biomethane (Gumienna et
al., 2016).

Sugar beet is a major industrial sugar crop,
ranking second globally after sugarcane in production
(Stevanato et al., 2001). The cultivation of sugar beet
is expanding into marginal environments, particularly
in arid and saline regions, due to its relatively high
tolerance to soil salinity, with successful growth
reported in soils with an electrical conductivity (EC)
of up to 7.0 dSm™ (Lv et al., 2019). Sugar beet
exhibits strong agronomic potential for arid and
semi-arid regions due to its relatively low water and
fertilizer requirements (Mekdad et al., 2021). For
instance, studies have shown that the sugar beet
crop consumes 30-40% less water than sugarcane
(Carr and Knox, 2011), making it a more sustainable
alternative in water-scarce environments. Its high
water-use efficiency, coupled with relatively high
salinity tolerance, underscores its suitability as a
strategic industrial crop for marginal lands, especially
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those characterized by salt-affected soils and limited
freshwater resources.

Nonetheless, elevated salinity in both soil and
irrigation water can negatively impact root yield and
sugar quality (Munns, 2002). As a result, sugar beet
cultivation in semi-arid and arid regions faces dual
challenges of low-quality irrigation water and
degraded soils (Alharbi et al., 2022). Under such
conditions, plant growth and metabolism are
significantly disrupted, with the extent of damage
depending on the type of stress, its duration, the
developmental stage, and prevailing environmental
conditions (Silva et al., 2022). For example, sugar
beet is particularly sensitive to salinity during early
growth stages, resulting in a reduced germination
rate, seedling growth, and plant density, which
ultimately lead to lower root and sugar yields
(Ghoulam and Fares, 2001). However, during later
growth stages, sugar beet can withstand high salinity
levels without considerable yield loss. Cultural
practices play a critical role in enhancing WUE and
mitigating salt stress, particularly through the use of
soil-tolerant varieties, adoption of appropriate
irrigation techniques, and improvement of soil
physical and chemical properties via organic acids
and biostimulant treatments (Pereira Filho et al.,
2019; El-Kady et al., 2021).

Countries relying on dryland farming can benefit
from introducing sugar beet as a strategic, non-
traditional crop. It would diversify agricultural
systems, reduce dependence on water-intensive or
imported crops, and improve resilience to climate
variability by utilizing marginal saline soils and low-
quality irrigation water. Additionally, sugar beet
cultivation holds significant economic potential by
creating employment opportunities on farms and in
associated sugar processing facilities. It can also help
reduce reliance on imported refined sugar, thereby
decreasing national import expenditure. Moreover,
utilizing sugar beet by-products, such as beet pulp for
animal feed and molasses, adds circular economic
value and promotes resource efficiency within the
agro-industrial sector.

This review aims to assess the introduction of
sugar beet as a salt-tolerant alternative crop in
agricultural systems of semi-arid and arid regions,
with the goal of enhancing resilience and
sustainability. Current knowledge regarding
agronomic, physiological, and environmental factors,
as well as associated challenges, will be synthesized
from comparable regions to identify key traits and



agricultural practices needed for successful sugar
beet cultivation under conditions such as salt-
affected soils and low-quality irrigation water. By
highlighting knowledge gaps, this review will provide
information to support decision-making by
researchers and policymakers on the integration of
sugar beet into crop portfolios, aiming to improve
crop diversification and sustainable agricultural
practices under saline and arid conditions.

2. Botanical characteristics and salinity adaptation

Sugar beet (Beta vulgaris L.), a tuberous root crop
belonging to the family Amaranthaceae, is native to
the temperate regions of Europe and North Africa
(Ribeiro et al., 2024). Within the cultivated beets,
four primary groups are taxonomically identified: leaf
beet, table beet, fodder beet, and sugar beet
(Goldman and Janick, 2021). Sugar beet is primarily
cultivated for sugar production, human consumption,
and animal feed, and is globally recognized as the
second most important sugar crop after sugarcane
(Saccharum officinarum L.). Sugar derived from sugar
beet accounts for approximately 30% of total global
sugar production (Yolcu et al., 2021).

Compared to sugarcane, sugar beet is
distinguished by a shorter growing season, lower
water requirements, and a higher sugar content. For
example, it has been reported that producing one
kilogram of sugar from sugar beet requires
approximately 1.4 m?® of water, which is less than half
the volume needed to produce the same amount of
sugar from sugarcane (Brar et al., 2015). Sugar beet
can be cultivated under a wide range of climatic
conditions and is recognized for its tolerance to
drought and salinity. It is believed to have evolved
from sea beet (Beta maritima L.), a wild ancestor
adapted to saline soils along the coasts of Western
Europe and the Mediterranean regions (Rozema et
al., 2015). Consequently, numerous sugar beet
cultivars are regarded as salt-tolerant due to the
inheritance of various physiological and
morphological traits that enable them to withstand
drought and salinity in both soil and irrigation water
(Lv et al., 2019; Wang et al., 2024). For instance, it
has been reported that sugar beet can tolerate high
concentrations of sodium chloride (NaCl), up to 500
mM, for extended periods without loss of viability
(Yang et al., 2012).

Assaf and Alrosan - Salinity resilience in sugar beet

3. Effect of salinity on sugar beet

In general, soil salinity negatively impacts plant
growth and development by altering various
morphological and physiological characteristics, as
well as disrupting biochemical processes at the
cellular level (Abd El-Mageed et al., 2019). Salinity
induces osmotic and oxidative stress, resulting in
damage to cellular membranes and organelles
(Ashrafi et al., 2018). Additionally, salinity is known
to impair the synthesis of proteins and metabolic
enzymes, thereby reducing the rate of
photosynthesis. When salinity is combined with
drought, as commonly occurs in arid and semi-arid
regions, the resulting impact on plant growth can be
particularly detrimental.

Sugar beet is classified as a salt-tolerant
glycophytic species, exhibiting optimal growth under
low concentrations of sodium (Na*), which can
partially substitute for potassium (K*) in specific non-
specific metabolic processes (Wakeel et al., 2011).
The optimal growth of sugar beet has been reported
to occur under 10% seawater salinity; however,
exposure to 25% seawater salinity resulted in a
significant reduction in fresh biomass compared to
plants grown under 10% salinity (Daoud et al., 2008).
Under low-salinity conditions, sugar beet exhibits
enhanced growth performance, characterized by
efficient water and nutrient uptake, stimulated root
development, and improved physiological responses
to salt stress (Liu et al., 2008; Wang et al., 2024).
These traits indicate that sugar beets can be
successfully cultivated under mild saline, alkaline,
and drought conditions; however, it is essential to
note that salinity levels exceeding specific thresholds
can lead to growth inhibition due to salt-induced
damage at the morphological, cellular, and molecular
levels (Wang et al., 2024).

At the morphological level, sugar beet plants
exposed to saline stress exhibit reduced seed
germination and seedling growth, a decrease in leaf
number and surface area, as well as leaf deformation
and discoloration. Additionally, overall root
development is adversely affected, particularly in
terms of root length and lateral root formation
(Wang et al., 2017). At the cellular level, the
detrimental effects of salinity on sugar beet plants
encompass osmotic, oxidative, and ionic (toxic) stress
(Mulet et al., 2020). Osmotic stress arises from
elevated external salinity, which restricts water
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uptake and can lead to dehydration by drawing water
out of the cells. Consequently, osmotic stress is
primarily manifested by cellular dehydration,
disintegration of membrane structures, and
disruption of metabolic processes (Rasouli et al.,
2020).

On the other hand, oxidative stress results from
the excessive accumulation of reactive oxygen
species (ROS), which are harmful to various cellular
components, including proteins and nucleic acids
such as DNA (Zhao et al., 2020). Moreover, toxic
stress results from elevated concentrations of Na*
and ClI™ ions, leading to nutrient imbalances that
hinder the uptake of essential minerals such as K*,
Ca?*, and Mn?*, and disrupt cellular osmoregulation
(Yolcu et al., 2021). However, increasing the salinity
of irrigation water corresponds with an increased
concentration of soluble Ca, Mg, and Na, whereas K
exhibits decreased solubility (El-Kady et al., 2021). At
the molecular level, sugar beet responses to salinity
include modifications to gene expression, protein
synthesis, stress response mechanisms, and other
metabolic pathways (Yu et al., 2016). For instance,
ABA signaling is impacted under salt stress through
the expression of specific transcription factors (Wang
et al., 2024). Additionally, the functions of specific
stress proteins in sugar beet (such as 14-3-3 proteins)
are also modified, for example, through induced
protein phosphorylation, helping to mitigate the
effect of salinity by enhancing ROS detoxification and
cell wall synthesis (Sheikh et al., 2024).

Salinity also tends to disrupt photosynthesis in
sugar beet by inducing stomatal closure, limiting CO,
uptake, and impairing photosynthesis efficiency
(Skorupa et al., 2019). Furthermore, ionic
imbalances, particularly K* deficiency and Na*
accumulation, damage photopigments, chlorophyll
content, and certain enzymes, resulting in lower
photosynthetic rates (Yolcu et al., 2021). These
effects highlight the complex responses of sugar beet
to salt stress and collectively contribute to its
adaptive tolerance to salinity. Figure 1 provides an
overview of the multilevel impact of salinity on sugar
beet, as well as the adaptive mechanisms under mild
salt stress.

4. Mechanisms of salt tolerance in sugar beet
Sugar beet displays a range of morphological and

physiological adaptations to salinity stress, including
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Multilevel Effects of Salt Stress on Sugar Beet

Mechanisms of salt tolerance Effects of salinity on sugar beet

" Morphological adaptations
+#Leaf thickness
4 Root volume

_~ Morphological responses
+ Seed germination
+ Leaf area & number
+ Root length and lateral roots
Leaf deformation/discoloration
Physiological adaptations

* Synthesis of osmoregulators. Cellular responses
(soluble sugars, proline, etc.)

+ Enhance antioxidant defense
(scavenging ROS)

* Upregulation of betaine

+ Stomatal regulation

* Substitution of Na* for K*

* Maintain a low Na*/K* ratio

Osmotic stress— dehydration, membrane damage.
Oxidative stress —» ROS accumulation
_lonic toxicity » Nat, CI- overloadi K¢, Ca**

Molecular responses
Alters gene expression
Stress response mechanisms (ABA)
Stress protein synthesis

Sugar Beet

Fig. 1 - Multilevel effects of salinity stress on sugar beet growth
and physiology. The diagram illustrates the
morphological, cellular, molecular, and physiological
disruptions caused by salt stress. Under mild salinity
conditions, sugar beet exhibits adaptive traits, including
enhanced root growth, efficient water and nutrient
uptake, partial substitution of Na* for K* in metabolic
processes, and activation of antioxidant defense
systems. These responses contribute to the species’
relatively high tolerance and potential for cultivation in
saline environments.

reduced root volume, increased leaf thickness, and
regulation of stomatal opening to minimize
transpiration losses (Van Zelm et al., 2020).
Physiological adaptations include the synthesis of
osmoregulatory compounds - such as proline, soluble
sugars, and organic acids - to maintain cellular
osmotic balance, as well as the enhancement of
antioxidant defense systems to mitigate oxidative
stress by scavenging ROS and preventing cellular
damage (Zhang et al., 2021). An experiment
investigating the effects of varying seawater
concentrations on sugar beet growth demonstrated
that osmotic adjustment, achieved through the
accumulation of intracellular solutes, constitutes a
primary mechanism underlying sugar beet’s
tolerance to salinity (Daoud et al., 2008).

In addition to the aforementioned mechanisms,
salt tolerance in sugar beet also involves the
upregulation of betaine synthesis and accumulation,
which contributes to the protection of
photosynthetic enzyme activity and alleviation of
osmotic stress by regulating intracellular water
potential (Russell et al., 1998). Furthermore, under
potassium-deficient conditions resulting from
nutrient imbalance, sugar beet has been shown to
partially substitute Na* for K* in key physiological



processes, such as stomatal regulation, enzyme
activation, osmoregulation, and long-distance
transport, thereby supporting continued growth
under salt stress (Faust and Schubert, 2017). The
relatively higher salt tolerance observed in specific
sugar beet cultivars has been attributed to their
capacity to maintain a low Na*/K* ratio and to
accumulate greater concentrations of compatible
solutes (Wu et al., 2019). Sugar beet also possesses
the ability to compartmentalize and sequester salt
ions (Na* and CI7) in petioles and older leaves,
thereby mitigating their toxic effects on metabolically
active, functional leaves (Wang et al., 2012).

5. Salt stress mitigation strategies for sugar beet
cultivation

Soil salinity is a major abiotic stress that
constrains crop cultivation by adversely affecting
plant growth and yield. Its multifaceted impacts
include impaired water and nutrient uptake, toxicity
from excessive sodium and chloride ions, and
increased oxidative damage resulting from elevated
levels of ROS (Abu-Ellail and Sasy, 2021; Mosaad et
al., 2022; El-Atrony et al., 2025 a).

The potential for expanding sugar beet cultivation
into saline-affected regions is supported by its
relatively high tolerance to salt stress, as previously
demonstrated in the preceding sections. However,
when salinity levels exceed a critical threshold, even
relatively high salt-tolerant glycophytic crops, such as
sugar beet, exhibit substantial reductions in growth,
root biomass, and sugar yield. Consequently, the
development and implementation of effective salt
stress mitigation strategies are essential for
sustaining successful sugar beet cultivation in saline
soils, particularly in arid and semi-arid regions. The
following sections will present a range of
ameliorative strategies, derived from recent
research, examining their impact on sugar beet
growth and development under saline conditions, as
well as their effectiveness in mitigating the
detrimental effects of salinity. Figure 2 presents an
overview of the primary strategies employed to
mitigate salt stress in sugar beets.

6. Organic amendments

As shown in Table 1, soil amendments with
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Strategies for Enhancing Plant Salt Tolerance
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Fig. 2 - Overview of mitigation strategies for improving salt
stress tolerance in sugar beet. The visual summarizes
eight major approaches: (1) application of organic
amendments such as biochar, compost, and humic
substances; (2) nutrient management including
potassium, micronutrients, silicon, and phosphorus; (3)
foliar and seed treatment with nanoparticles; (4) use of
plant growth regulators and biostimulants; (5)
inoculation with beneficial soil microorganisms such as
PGPR and AMF; (6) seed priming techniques; (7)
optimized irrigation management through deficit
irrigation; and (8) breeding of salt-tolerant varieties.
These strategies enhance physiological, biochemical, and
agronomic traits to improve sugar beet performance
under saline conditions.

various types of organic materials have
demonstrated significant potential to enhance the
growth and yield of sugar beet under cultivated
saline conditions. The following sections provide a
detailed discussion of the impact of organic
amendments in mitigating salt stress in sugar beet.

Biochar

Soil amendments using organic materials -
particularly compost, biochar, and humic substances
- have recently garnered considerable attention as
eco-friendly strategies for sustaining soil quality
through the improvement of physicochemical
properties (Tomczyk et al., 2020; Su et al., 2022;
Abdou et al., 2023; Abdou et al., 2024). These
amendments increase soil carbon content, which
enhances nutrient exchange capacity, stimulates
microbial activity, promotes balanced nutrient
uptake, and supports overall plant growth (Ghorbani
et al., 2022). Consequently, the application of organic
matter improves key soil functional properties,
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Table 1 - Organic amendments for salt stress mitigation

Organic Salinity level . Mechanism of Key findings/impact on
amendment (EC dSm™) Rate/(Additives) action/benefits Sugar Beet under salinity References
Biochar 10.3 10-20 Improved water productivity as well as 20 t/ha biochar gave the Abdou
(t/ha) soil physical and chemical properties highest root and sugar yields etal., 2024
Biochar 10.94 0/10/20 20 t ha-*reduced bulk density (-2.9%) Improved growth, yield, El-Samnoudi
(tha?) and soil EC (-12.5%). Enhanced water quality and physiological etal., 2021
availability and CEC attributes
Compost + 4.3 Compost Reduces soil EC* and ESP?; Increase sugar beet root yield, sugar Shabana
Glauconite (0-150% of recommendation)/ increases soil nutrients yield and quality etal., 2024
+ (Glauconite at 0-190 kg/ha)
Molasses (M) + 7.9-8.8 HA (12 kg/ha), M (60 kg/ ha) + foliar Increased growth parameters (leaf ~ Combined soil and foliar application of Sorour
Humic acid (HA) application of Ha and M/ + area index, dry weight, root weight, Ha, M, and Lithovit/Boron produced the etal., 2021
(Lithovit/Boron) length, diameter) highest root and sugar yield
Humic acid (HA) 45-4.6 Humic acid (0-24 kg/ha) + Enhancing growth characteristics and  HA achieved the highest growth at 24 Nassar
foliar salicylic acid, fulvic acid, helping mitigate soil salinity kg/ha to the soil, combined with foliar etal., 2023
hydroxyproline spraying of Fulvic acid and
Hydroxyproline
Humic substances 9.7-11.3 Soil humic/fulvic acids + Increased proline level and nutrient Higher root yield and quality El-Atrony
Bacillus biofertilizer uptake; reductions in soil EC and ESP etal., 2025 a
Novel compost 6.4-7.1 bagasse + animal blood. Improved soil properties and water ~ The highest yields (root yield 97.2 t/ha) Abd El-Mageed
(NC) NC with 70:30 ratio (bagasse:blood) productivity; reduced the uptake of Cd were observed under full irrigation with etal., 2019
at 10-20 t/ha) 20 t/ha NC
Compost tea (CT) 11.1-12.1 Foliar compost extract + Enhance physiological functions; boost PSB and CT have beneficial effects on Osman
soil PSB? antioxidants and osmolytes; enhance growth and quality of sugar beet etal., 2022
nutrient (P) availability growing in salt-affected soil.
Moringa leaf 0-120 mM Seed priming (soaking) in Improves seedling parameters (root 300 mL/L moringa extract yielded the Kandil
extract (MLE) NaCl* MLE at 100-300 ml/L + and shoot lengths, seedling length, highest seedling growth etal., 2023
Algae and yeast extracts and seedling vigor index) under salinity
Compost (manure) 6.0-6.2 Soil compost Influence various growth, yield, and 2.4 ton/ha compost increased Abu-Ellail and
(0.8-2.4 ton/ha) quality parameters (e.g., increasing root diameter, fresh weight Sasy, 2021
root diameter, fresh weight, sucrose, and sugar yield
and decreasing alpha-amino N)
Humic substances + 8.63 Soil humic/fulvic acid (30 kg/ha) Increases nutrient uptake and Humic substances (30 kg/ha) and Mosaad
Nitrogen +N (71-213 kg/ha) sugar synthesis; reduces 213 kg N/ha + gave the highest root etal., 2022
fertilization Na content and sugar yields

EC= Electrical conductivity; ESP= Exchangeable sodium percentage; PSB= Phosphate-solubilizing bacteria.

particularly those linked to enhancing crop resilience
to abiotic stresses such as salinity (Abd El-Mageed et
al., 2019; El-Samnoudi et al., 2021; Osman et al.,
2022).

Among organic amendments, biochar has
attracted particular interest due to its capacity to
enrich soil with a high content of stable carbon,
which, unlike other organic materials such as
compost, remains persistent in the soil over the long
term (Haider et al., 2020). Biochar is produced
through thermal decomposition of biomass, typically
under limited or no oxygen conditions, via processes
such as pyrolysis or hydrothermal carbonization
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(Saravanan and Kumar, 2022). These processes break
down biopolymers, yielding structurally stable
carbon-rich materials. In addition to increasing soil
carbon content, biochar enhances soil water
retention, reduces bulk density, improves nutrient
retention by increasing cation exchange capacity
(CEC), and stimulates microbial activity
(Alkharabsheh et al., 2021; Singh et al., 2022). Soil
amendment with biochar has been proposed as a
promising strategy to enhance sugar beet resilience
to abiotic stresses, particularly salinity and drought.
For instance, the application of biochar has been
shown to mitigate the adverse effects of salinity and



drought on sugar beet by enhancing physiological
and biochemical processes under stress conditions
(Abdou et al., 2024).

In sugar beet field studies, biochar has been
applied at 10-20 t ha™ across two successive seasons
under saline conditions (ECe = 10-11 dS m™") and
deficit irrigation (= 60-80% ETc), with the 20 t ha™’
rate improving soil physical status (e.g., lower bulk
density and ECe; higher field capacity and available
water), growth, and water productivity (EI-Samnoudi
et al., 2021; Abdou et al., 2024). Complementary
long-term evidence from highly saline-alkali paddy
soils shows that a one-off biochar application
sustained annual improvements in soil physical and
chemical properties and increased rice yield over six
years (Jin et al., 2024). The benefits were most
significant at 3.0% (w/w) and were enhanced when
combined with nitrogen fertilizer. In contrast to the
consistent vyield responses, data on sugar
composition and juice-quality parameters (e.g.,
sucrose %, purity, a-amino N, K/Na) were insufficient
across the present field investigations, underscoring
the need for targeted studies to quantify biochar’s
effects on sugar quality under salinity. Further details
are provided in Table 1.

Compost

The application of various types of compost as soil
amendments has also been investigated for its
effectiveness in improving sugar beet cultivation
under saline conditions (Abu-Ellail and Sasy, 2021; El-
Atrony et al., 2025 a). For instance, the application of
a novel compost composed of sugarcane bagasse and
animal blood in a 70:30 (w/w) ratio at a rate of 20
t/ha effectively mitigated the adverse effects of
salinity and drought on sugar beet cultivation,
resulting in approximately a 50% increase in root
yield compared to the control treatment (Abd El-
Mageed et al., 2019). In that study, soil EC was 6.89
dS m™; applying 20 t/ha increased white sugar yield
and juice purity by 65.5% and 3.23%, respectively,
and reduced a-amino N and sugar loss to molasses
by 11% and 12.20% relative to the control. The
application of tea compost in combination with
phosphate-solubilizing bacteria has also been
reported to enhance sugar beet performance under
salinity and drought stress by improving osmotic
balance, photosynthetic efficiency, and root
development (Osman et al., 2022). In these salt-
affected trials, soil and irrigation-water ECs were
11.14 and 1.37 dS m™, respectively; improvements in

Assaf and Alrosan - Salinity resilience in sugar beet

sugar quality were associated with decreased
impurity constituents (a-amino N, Na, K) and higher
juice purity under water stress. Similarly, a mixture of
compost and glauconite (a mineral rich in potassium)
significantly improved soil physical properties such as
bulk density and porosity, increased the availability
of macro- and micronutrients, and enhanced both
sugar yield and quality in sugar beet grown under
saline and sodic conditions (Shabana et al., 2024). At
that site (EC = 3.41 dS m™), the combination reduced
EC, improved organic matter and soil physical status,
increased N, K, Fe, Mn, Zn, and Cu, and enhanced
sugar quality with minimal sugar loss to molasses
(~2.43%) alongside reductions in K, Na, and a-amino
N. Further details are provided in Table 1.

Humic substances

The application of humic substances has also
demonstrated promising potential in enhancing
sugar beet resilience to salinity stress. Several field
studies have reported that the application of humic
acid, fulvic acid, and related organic materials
significantly enhances the growth, yield, and
physiological performance of sugar beet under saline
conditions. For instance, Sorour et al. (2021)
reported that the combined application of humic acid
and molasses, applied through both soil and foliar
treatments, significantly improved the growth
parameters of sugar beet cultivated under saline
conditions (soil EC = 8.8 dS m™; irrigation-water EC =
2.01 dS m™) (Sorour et al., 2021). Similarly, under
saline-sodic conditions (soil EC ~11.3 dS/m and
exchangeable sodium percentage (ESP) >15%), the
application of a mixture of organic substances -
including humic acid, fulvic acid, and potassium
humate - in combination with a Bacillus-based
biofertilizer, enhanced sugar beet productivity and
nutrient uptake, while also mitigating the impact of
soil salinity through significant reductions in both EC
and ESP (El-Atrony et al., 2025 a). Furthermore,
another study demonstrated that the application of
humic and fulvic acids, in conjunction with high
nitrogen fertilization, resulted in a more than 15%
increase in both root yield and sugar extraction
percentage in sugar beets cultivated under saline
conditions (soil EC = 8.63 dS m™; irrigation-water EC
= 3.2 dS m™) (Mosaad et al., 2022).

Soil-applied humic substances act through the
rhizosphere and soil matrix, improving aggregation
and water storage, enhancing nutrient
availability/CEC, and moderating salinity (e.g.,
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reductions in EC/ESP), which together support higher
growth and extracted sugar under saline conditions
(Mosaad et al., 2022; Abdel-Salam et al., 2025; El-
Atrony et al., 2025 a). In contrast, foliar applications
of humic/fulvic compounds primarily exert
physiological effects, raising chlorophyll and canopy
vigor, improving membrane stability and
photosynthetic efficiency, and can contribute to
improved juice-quality indices under stress,
particularly when integrated with soil applications
(Sorour et al., 2021). In practice, combined soil and
foliar applications can outperform single-route
applications under salinity by simultaneously
improving soil-plant conditions and canopy
physiology (Sorour et al., 2021; Mosaad et al., 2022;
El-Atrony et al., 2025 a). These studies provide
evidence that soil organic amendments, including
compost and humic substances, represent effective
strategies for mitigating salinity-induced stress in
sugar beet cultivation. Further details are provided in
Table 1.

7. Fertilization and nutrient management

Worldwide, arable lands are increasingly
subjected to salinization due to soil and irrigation
water salinity. One ameliorative measure to help
crops withstand the adverse effects of salinity is
optimizing fertilization practices. Recent studies have
investigated various fertilization management
strategies to mitigate the impact of salinity on the
growth and productivity of sugar beet (Table 2).

Potassium

Exploring the role of potassium and micronutrient
fertilization in alleviating the adverse effects of
salinity on sugar beet has received considerable
attention. Under salinity conditions, potassium is
essential for maintaining osmotic balance and
supporting membrane function. It has been found
that foliar application of potassium silicate (K SiO,, 20
mmol L™) significantly alleviates salt stress (EC = 7 dS
m~") by enhancing water productivity, chlorophyll
content, and root yield under combined drought and
salinity conditions (Shaaban et al., 2025). In another
study, it has been reported that a combined
treatment of potassium at a rate of 180 kg/ha and
foliar application of Zn at a rate of 300 ppm resulted
in a substantial improvement in root and sugar yield,
up to 23% and 38%, respectively (EC = 8.6 dS m™)
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(Mekdad et al., 2021). Physiological traits such as
membrane stability, antioxidant activity, and relative
water content of salt-stressed sugar beet were
improved by high potassium application (144 kg/ha),
alongside a 42% reduction in sodium and a 35%
increase in root yield (EC = 3.5-9.3 dS m™") (El-
Mageed et al., 2022).

Moreover, synergistic effects between potassium
fertilization and foliar application of salicylic acid
were also observed in sugar beet. For example, it has
been found that potassium fertilization at a rate of
200 kg/ha, combined with foliar application of
salicylic acid, improved sugar content by 20%
(Nemeat Alla, 2023). Meanwhile, a combination of
115 kg K,SO,/ha with salicylic acid significantly
increased root yield and sugar quality under salinity
conditions (EC = 6.9 dS m™"). These integrated
fertilization strategies can be used practically to
enhance sugar beet tolerance to salinity through
improving physiological and biochemical responses.
Further details are provided in Table 2.

Micronutrients

Micronutrients such as iron, manganese, zinc, and
selenium play a crucial role in osmoprotection and
the regulation of stress enzymes. Foliar application of
Fe (150 ppm), Zn (100 ppm), and Mn (50 ppm)
increased root and sugar yield, as well as quality
index under saline conditions (EC = 9.3-9.5 dS m™)
(Abd ElI-Mageed et al., 2021). In this experiment,
higher sugar and root yields of salt-stressed sugar
beet were attributed to improved nutrient uptake,
leaf hydration, and photosynthetic efficiency.
Moreover, seed priming of sugar beet with selenium
(Na,Se0s) at concentrations of 20 uM and 30 uM
enhanced germination and seedling vigor, increased
photosynthesis, and increased the activity of
antioxidant enzymes under 300 mM Na* salinity (Liu
et al., 2025). These results were primarily attributed
to the modification of the rhizosphere microbial
community. In the absence of imposed salinity, under
an alkaline soil environment, foliar application of zinc
(100 mg L") and molybdenum (40 mg L™) increased
sugar percentage, sugar purity, and growth
parameters by improving balanced nutrient uptake
and translocation (Zewail et al., 2020). Further details
are provided in Table 2.

Silicon
Silicon applications have demonstrated beneficial
effects on sugar beet performance by improving ion
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. Salinity level Application Mechanism of Key Findings/Impact on
Nutrient/Strategy (dSm*) method/rate Action/Benefits Sugar Beet under Salinity References
Foliar 9.3-9.5 Foliar spray Supplies essential micronutrients A 150-300 ppm mix significantly Abd El-Mageed
micronutrient mix 0-150 ppm FeSO,* 0-100 to support chlorophyll formation, boosted growth, water status, and etal., 2021
(Fe, Zn, Mn) ZnS04* 0-50 MnSO4 enzyme activity, and osmotic yield; 300 ppm increased root yield
balance; raises K/Na ratio by 42% and sugar yield by 93%
compared to the control
Soil K fertilizer 3.5-9.3 Soil K at 0, 48, 96, 144 kg K ha™ Improves osmotic/ionic balance; K = 144 kg ha™" maximized El-Mageed et al.,
enhances antioxidant capacity gross and white sugar; 2022
and photosynthetic performance Na | 42%, root yield I 35.9%
Foliar silicon - Foliar spray of potassium silicate Enhance photosynthesis and PS and OSA sprays increased sugar yield; Siuda et al.,
(various forms) (PS), calcium silicate (CS), stress signaling; affect sugar OSA most reduced root Na and i 2023
sodium metasilicate (SM), technological quality; reduce ncreased sugar content; spray form/
orthosilicic acid (OSA) sodium content in roots timing influenced sugar and K content
Soil K fertilizer + 7.6 Soil K,S0,4 at 0, 100, 150, 200 Enhances root length and diameter, 200 kg K/ha + SA gave the Merwad,
Salicylic acid (SA) kg/ha + two foliar SA sprays shoot and root yield, sucrose content, highest root/sugar yields, 2016
(1000 mg/L each) juice purity, sugar yield, -and sucrose% and purity
uptake of N, P, and K
Soil K + Foliar Zn 8.6 Soil K at 120 or 180 kg/ha + Correct K and Zn deficiencies in K-180 + Zn-300 produced ~23% Mekdad
foliar Zn at 0, 150, 300 ppm saline soil; improve sugar beet higher root yield and 38% higher etal., 2021
growth, yield, quality, and pure sugar vs control; reduced
K-use efficiency impurities (Na/a-amino N)
K-fertilizer + SA 6.9 Soil K504 10 or 20 kg/ha and K increases growth parameters 48 kg K + 2 foliar K + 200 ppm Nemeat Alla,
foliar K + SA foliar spray at yield components; SA improves SA gave the highest root diameter, 2023
100,150, or 200 ppm growth, yield, and sugar quality yields, and quality
Phosphorus 12 Soil P,0s at 100, 120, P enhances sugar beet's 120 kg P,0s/ha was optimal, Bouras et al.,
140 kg/ha tolerance to salinity and improves improving root and sugar yields under 2021
both yield and sugar content saline irrigation; higher P increased
sugar content at moderate salinity
Soil Kx P 5.0-9.0 K>S0, at 0, 75, 150 kg K,0 ha™ x K lowers leaf Na and Fresh beet yield 1 15-84% across Hussain et al.,
interaction DAP at 0, 60, 120 kg P,0s ha™ Na:K ratio; P improves KxP vs control; shoot yield gains; 2014
P nutrition strong leaf K/yield positive relationship
Foliar Zn, B, Mo - Foliar Zn (50 and100 mg/L), Balancing nutrient uptake Zn 100 mg/L and Mo 40 mg/L gave Zewail et al.,
B (50 and 100 mg/L), and translocation. the highest root yield and sugar%; 2020
Mo (20 and 40 mg/L) Increased growth parameters all micronutrient sprays increased
(root diameter, length, fresh/dry growth and leaf nutrient
weight), and improved nutrient (NPK, Ca, Mg) content
contents (N, P, K, C
Selenium (Se) 300 mM Na* Seed priming at 20 and 30 uM Enhances antioxidant enzymes, Se-priming improved germination and Liuetal.,
seed priming Na,SeOs; salinity during photosynthetic pigments, and seedling vigor, 7 soluble sugars/ 2025
(Na,Se0s) germination and pot stages ion balance; modulates proteins, {, MDA, and optimized
rhizosphere microbiome microbial community
Foliar potassium 7 Foliar K;SiOs at 0, 10, 20 mmol/L Improves physiological and K,SiO, (20 mmol/L) resulted Shaaban et al.,
silicate under three deficit irrigation biochemical traits, photosynthetic in the highest root yield 2025
(K2Si0s) regimes efficiency, osmolyte accumulation, (88.97 t/ha) and sugar
antioxidant activity, and nutrient yield (14.43 t/ha)
uptake
Soil K-humate + 4.7 Soil K-humate at 0, 12, 24 K- Enhanced growth traits, higher 24 kg/ha K-humate + foliar FA+HP Nassar et al.,

foliar biostimu-
lants (SA, fulvic
acid (FA), hydroxy-
proline (HP)

mubhate at 0 -24 kg/ha + foliar
(SA 100 mg/L, FA 1.2 kg/ha,
HP 1000 mg/L)

yields, increased sucrose, and
reduced sodium content
in the juice

gave highest growth, root and
sugar yields and lowest juice
Na under salinity

2023

balance and physiological functioning

. Under
combined salinity and drought, foliar potassium
silicate at 20 mM significantly enhanced physiological

responses, increasing sugar yield and water-use
efficiency (EC = 7 dS m™") (Shaaban et al., 2025).
Complementarily, in a study without imposed
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salinity, foliar potassium silicate and orthosilicic acid
(at 49 g ha™ and 3 g ha™, respectively) enhanced the
quality of sugar beet yields by reducing Na and a-
amino nitrogen levels while increasing sugar content
(Siuda et al., 2023). Further details are provided in
Table 2.

Phosphorus

Phosphorus application has also been found to
counter salinity-induced yield reduction in sugar
beet. The application of phosphorus at a rate of 120
P205/ha enhanced the salt stress resilience of sugar
beet, as it significantly improved sugar yield under
salinity levels of up to 12 dS/m (Bouras et al., 2021).
Similar results were also observed for a combined
application of potassium and phosphorus in saline
and sodic soils (EC = 5.0-9.0), where both nutrients
improved ionic balance and the yield of sugar beets,
particularly by enhancing the Na: K ratio (Hussain et
al., 2014). Further details are provided in Table 2.

8. Nanoparticle treatments

Recently, the application of nanoparticles (NPs) in
agriculture has emerged as a promising and
sustainable strategy to help crops mitigate the
adverse effects of abiotic stress, improve nutrient
balance, and improve growth parameters. NPs are
characterized by nanoscale size, enhanced
penetration, and high reactivity with plant cell
components (Singh et al., 2024). Therefore, NPs can
offer practical and novel approaches to alleviate the
adverse effects of salt stress on sugar beet mainly by
enhancing antioxidant activities, nutrient uptake, and
helping plants to maintain ionic balance. For
instance, sugar beet grown in saline soil (EC=6.8) and
irrigated with saline water (EC = 5.7) and cultivated in
saline soils exhibited improved growth and yield
parameters, along with reduced salt-induced
oxidative stress, when treated with a foliar
application of silica nanoparticles (SiO,-NPs; 12.5 mg
L1) in combination with rhizobacteria (Alharbi et al.,
2022).

In another experiment, seed priming and foliar
application of nanoparticles composed of magnesium
oxide (MgO-NPs at 50 mg L") and silicon oxide (SiO,-
NPs at 50 mg L?) improved the growth and yield of
sugar beet irrigated with wastewater (EC = 1.61) by
increasing chlorophyll content and sucrose
accumulation in leaves, as well as enhancing the
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activity of antioxidant enzymes (Ali et al., 2025).
Moreover, foliar application and seed priming with
titanium dioxide nanoparticles (TiO,-NPs) at a rate of
100 ppm priming and 200 ppm spray combined with
silver nanoparticles (AgNOs-NPs) at a rate of 30 ppm
priming +75ppm spray in sugar beet cultivated under
saline soil conditions (EC = 4.2) significantly enhanced
sugar content and extraction efficiency, while
concurrently reducing sugar impurities compared to
untreated controls (Gomaa et al., 2022). Further
details are provided in Table 3.

9. Plant endogenous metabolites

Among hormones, indole-3-acetic acid (IAA) plays
a role in enhancing plant resilience to abiotic stress.
Under salinity (EC = 7 dS m™"), exogenous IAA -
particularly 300 mg L™ combined with 340 kg N ha™" -
enhanced root growth and nutrient uptake (higher
K*/Na*, Ca**/Na*), increasing root (97.6 t ha™') and
pure sugar (14.50 t ha™) yields (Shaaban et al., 2025).
In another experiment, the use of growth-promoting
rhizobacteria has been shown to enhance the
performance of sugar beet under salinity conditions
(Alharbi et al., 2022); in salt-affected soil (EC 6.8)
with saline irrigation (EC 5.7), seed inoculation with
PGPR (Pseudomonas koreensis, Bacillus coagulans) at
150 mL of 1 x 10® CFU mL™", enhanced antioxidant
defenses (SOD up to ~1.9-fold, CAT ~1.4-fold, POX
~2.5-fold), reduced H,0,, lipid peroxidation, and Na*,
increased K*, and improved RWC, RMSI, stomatal
conductance, chlorophyll, and ultimately root and
sugar yields across two seasons. In general,
rhizobacteria such as Bacillus and Pseudomonas
enhance plant tolerance by the biosynthesis of PGRs
such as IAA, gibberellins, and cytokinins, in addition
to the production of exopolysaccharides that can
chelate sodium ions in the soil and reduce their influx
(Yang et al., 2016).

Also the use of plant hormone-like substances,
such as salicylic acid (SA), have been widely utilized in
sustainable agriculture to mitigate the effects of
adverse abiotic factors (Rasovsky et al., 2022). For
instance, under saline condition (EC 7.5 ), the salt
tolerance of sugar beet was improved by foliar
application of SA (at the rate of 200 ppm), which
enhanced the activities of antioxidant enzymes,
resulting in higher root biomass and sugar yield (El-
Gamal et al., 2021). The beneficial effect of SA in
alleviating abiotic stress has been attributed to the
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Table 3 - Nanoparticles, microbes, seed priming, and hormones

Key findings/

Mitigation Salinity level Application Mechanism of Impact on Sugar Beet References
strategy (dSm) Method/Rate action/benefits P g R
under salinity

y-Aminobutyric 300 mM Exogenous GABA at Enhance antioxidant enzyme Effectively alleviated salt Yu et al., 2024

Acid (GABA) treat- NaCl 1.5mML activity, gas exchange and fluorescence stress damage; improve dry

ment parameters; bilize photosynthesis matter accumulation in

and maintain normal growth salt-stress
SiO, or MgO EC soil 1.6. Seed priming and foliar 1 CAT, POX, PPO, APX; Low dose (50 mg L™") improved Alietal., 2025
nanoparticles EC water 3.5 0, 50, 100, 200 mg L™ mitigates oxidative stress root traits; SiO, best for antioxidant
enzymes; MgO improved chlorophyll and
sucrose accumulation
Salicylic acid (SA) 4.5-7.15 foliar aplication Enhanced root length 2000 ppm SA significantly increased El Gamal
0, 1000, 2000 ppm and LAl top fresh mass and root biomass; etal., 2021
SA enhanced sugar yield, sucrose%
and purity%

Seed coating NaCl with Coating with combinations Improved germination and Treatments improved seedling Neamatollahi
osmotic of N, P, K, 6 micronutrients seedling growth with no establishment, and enhanced etal., 2024
pressure + GA; + humic acid) significant effect on root and shoot growth

from (-0.4) to antioxidant enzymes
(-1.2.dS/m)

Seed priming NacCl ZnS04 (0.5%) N pigments, antioxidant enzymes, Seed priming increased values Shokouhian and

(hydropriming/ 0,2,5,12 suspension for proline; better germination of germination attributes Omidi, 2021

ZnS04) Sm™ about 12 hours at 15 °C indices

Halotolerant NacCl 0, Inoculation under NaCl { H;0; and proline; Both strains improved growth; Szymanska

endophytic 50, 150, with Pseudomonas stutzeri M chlorophyll; K. marisflavi generally et al., 2020

bacteria 300 mM Kushneria marisflavi growth promotion more effective

Halotolerant NaCl Inoculation (Micrococcus ACD-producing PGPR; Enhanced germination, biomass, Zhou et al.,

PGPR from 50-125 mM yunnanensis, Planococcus { stress ethylene; photosynthetic capacity under 2017

halophytes rifietoensis, Variovorax N photosynthesis saline stress

paradoxus)

Humic extracts Saline-sodic Combinations of k-humate, { EC & ESP; 1 SOM; Significant shoot/tuber El-Atrony et al.,

and Bacillus soil: EC9.7- humic acid, fulvic acid, P, improved structure (J, BD) and yield increases 2025 b

megaterium 11.3; ESP >15 and B. megaterium P availability

PGPR! + Si EC s0il 6.9, Inoculation with PGPR decrease oxidative stress Improve growth characteristics, Alharbi et al.,

nanoparticles EC water (Pseudomonas koreensis, indicators (hydrogen peroxide, physiological processes, root yield, 2022

(Si-NP) 5.8 Bacillus coagulans) + foliar lipid peroxidation) and and sugar yield

SiO2 NP sodium ions

Nanoparticles of 4.1 TiO2NPs (100 ppm Decrease in potassium, a-amino increased sugar yield, total Gomaaetal.,

Titanium Dioxide priming + 200 ppm spray) nitrogen, and sodium in the sugar soluble solids, and sugar 2022

(TiO2NPs) and Silver and AgNOsNPs (30 ppm beet root, influencing nutrient content

Nitrate (AgNO3NPs) priming + 75 ppm foliar) balance and quality

+ Gibberellic acid

Indole-3-acetic 7.0 Foliar IAA (0, 150, Enhance root diameter, leaf fresh The combination of IAA300 x Shaaban et al.,

acid (IAA) and 300 mg/L) + soil N weight, and leaf area index; Improves N340 was the most effective in 2025

Nitrogen (N) (240, 290, 340 kg/ha) ionic homeostasis (increasing leaf enhancing root yield and

K*/Na* and Ca?*/Na* ratios) sugar yield
Melatonin 300 mM Na* Foliar melatonin Increases antioxidant enzyme The application of 60 uM melatonin Liuetal.,
(MT) (0, 30, 60, 90 uM) activities (SOD, POD, CAT); reduces was identified as a feasible way 2022

ROS accumulation; enhances to alleviate salt stress in

photosynthesis in seedlings sugar beet
Tryptophan 320-800 Seed soaking in Tryptophan has a promotive Pre-soaking in tryptophan (2.5 mM) Hozayn et al.,
priming ppm tryptophan effect on increasing sugar beet was the most effective treatment, 2020

(0, 2.5,5.0 mM) yield under water salinity leading to an increase in all tested
growth, yield, and root quality
parameters
Allantoin 100-300 Exogenous allantoin Reduce accumulation of ROS; Exogenous allantoin effectively Liuetal.,
mM Na+ (0.01,0.1, 1 mM) increase activities of antioxidant mitigated salt-adverse effectsin a 2020
enzymes; improve ion homeostasis dose-dependent manner,
by decreasing the Na*/K* with 0.1 mM being most effective
PGPR + Proline + 7.6 Bacterial Inoculation + proline Combine application enhance root Yield, its components (root diameter, Mehasen,
salicylic acid at 40 g/ha + salicylic acid at length, root diameter, sugar yield, sugar yield), and juice quality parameters, 2022

80g/ha

sucrose% and purity%

enhanced by the bacterial inoculation

and inducing material combinations

PGPR= Plant growth-promoting rhizobacteria.
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maintenance of membrane integrity, enhanced
photosynthetic efficiency, and the regulation of
antioxidant enzymes (Miao et al., 2020). Additionally,
under soil salinity (EC = 4.7 dS m™), soil application of
potassium humate (24 kg ha™) combined with foliar
application of salicylic acid 100 mg L™, fulvic acid 1.2
kg ha™", hydroxyproline 1000 mg L™ 'increased root
yield and sucrose/sugar yield and reduced juice Na;
the K-humate 24 kg ha™" + FA + HP combination
performed best (Nassar et al., 2023).

Exogenous application and seed priming with
other plant metabolites have also shown significant
effects in alleviating salt tolerance in sugar beet. For
example, the application of melatonin (at 60 uM), an
hormone-like substance, significantly enhanced the
activities of antioxidant enzymes, reduced ROS
concentration, and improved photosynthetic
efficiency and biomass of sugar beet under salt stress
conditions (300 mM Na*) (Liu et al., 2022). Similarly,
the treatment with y-aminobutyric acid (GABA), a
plant signaling compound, at 1.5 mM has been
shown to alleviate salt stress (300 mM Na*) damage
in sugar beet by stabilizing membrane integrity,
enhancing photosynthetic efficiency, and increasing
dry matter accumulation (Yu et al., 2024). Also the
treatment of sugar beet seedlings subjected to salt
stress (300 mM Na*) with another signaling
compound, allantoin at 0.1 mM, showed a reduction
in salt-induced oxidative damage, a reduced Na/K*
ratio (enhanced homeostasis), and an increased
accumulation of osmoprotectants, such as betaine
and soluble sugars (Liu et al., 2020). Moreover, sugar
beet seed pre-soaking in tryptophan (aminoacid
precursor) at 2.5 mM under different salinity levels
(320 to 8000 ppm), improved chlorophyll pigments,
root purity, and overall growth (Hozayn et al., 2020).
The above findings affirm the potential of plant
endogenous metabolites in enhancing sugar beet
resilience to salt stress by regulating various
physiological and biochemical processes. Further
details are provided in Table 3.

10. Beneficial soil microorganisms and plant
growth stimulators (PGS)

Bioaugmentation with soil microorganisms such
as plant growth-promoting rhizobacteria (PGPR) and
arbuscular mycorrhizal fungi (AMF) has shown
promising results for sustaining the growth and yield
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of sugar beet cultivated under salinity stress. For
instance, seed and root inoculation with
halotolerant endophytic bacteria such as
Pseudomonas stutzeri and Kushneria marisflavi
resulted in improved sugar beet growth under saline
conditions (up to 300 mM Na*), with K. marisflavi
showing higher efficiency (Szymanska et al., 2020).
Growth improvement and salt stress mitigation of
these bacterial strains were attributed to increased
chlorophyll content and reduced oxidative stress.
Similarly, the seed application of two PGPR
(Pseudomonas koreensis and Bacillus coagulans)
alone or in combination with foliar application of
silica nanoparticles (12.5 mg L) significantly
improved antioxidant activity, decreased ion
imbalances (lower K+/Na+ ratio), and enhanced the
yield of sugar beet under saline water irrigation and
soil salinity (EC 5.7- 6.8) (Alharbi et al., 2022). The
above results highlight the potential role of PGPR,
particularly halotolerant strains, in improving sugar
beet productivity under saline conditions.

Synergistic benefits were also achieved by
combining microbial inoculation with other PGS, such
as humic acid, proline, and salicylic acid, under
salinity stress. It has been reported that bacterial
inoculation, combined with foliar application of
salicylic acid (~80 g ha) and proline (~40 g ha),
significantly improved root growth, sugar content,
and sugar purity under saline soil conditions (EC 8.12
dSm1) (Mehasen, 2022). In another study,
inoculation with microorganisms isolated from
halophytes, such as Micrococcus yunnanensis,
Planococcus rifietoensis, and Variovorax paradoxus,
reduced salt-induced stress (up to 150 mM Na*) by
improving biomass and photosynthesis under salinity
(zhou et al., 2017). Yield of salt-stressed sugar beet
and soil characteristics such as EC (9.7-11.3 dSm?)
and ESP (15.8%) were enhanced as a result of co-
application of Bacillus megaterium and humic
substances such as fulvic acid and humic acid (El-
Atrony et al., 2025 b). Inoculation with AMF was also
found to be beneficial in mitigating salt stress by
enhancing antioxidant activity and stress hormone
signaling in sugar beet (Cui et al., 2025). These results
highlight the crucial role of soil microorganisms in
mitigating salt stress and enhancing sugar beet
growth through multifaceted mechanisms, including
physiological and biochemical effects, as well as
improvements in soil quality. Further details are
provided in Table 3.



11. Seed priming

Seed priming can be used as an effective and
practical approach to mitigate salt stress in sugar
beet. Priming with sodium selenite (Na,SeQs) at 20-
30 uM significantly improved germination and
seedling growth parameters in sugar beet under
salinity conditions (300 mM Na*) (Liu et al., 2025).
Similarly, osmopriming sugar beet seeds with ZnSO,
(0.5%) increased the germination percentage and
seedling vigor under salinity levels of up to 12 dS/m
(Shokouhian and Omidi, 2021). Seed coating with
various combinations of micro- and macronutrients,
humic acid, and gibberellic acid resulted in improved
germination and seedling growth of sugar beet under
drought and saline conditions (NaCl solutions with
osmotic pressure up to - 1.2 dS/m) (Neamatollahi et
al., 2024). Similarly, tryptophan priming (2.5 mM) of
sugar beet seeds enhanced germination and seedling
growth under salinity conditions (up to 8000 ppm),
highlighting the effect of amino acid priming in
mitigating abiotic stress in sugar beet (Hozayn et al.,
2020).

Seed priming can enhance physiological and
biochemical processes that contribute to salt
tolerance in sugar beet. For example, priming with
Na,SeO, helped maintain ion homeostasis, increased
chlorophyll content, and enhanced antioxidant
activity under salt stress (Liu et al., 2025). Tryptophan
priming (Hozayn et al., 2020) also improved
chlorophyll a, chlorophyll a/b ratio, and carotenoids,
mitigating the impact of salinity on the root quality of
sugar beet. Melatonin priming at 60 uM enhanced
the salt tolerance of sugar beet by improving
antioxidant defenses, reducing reactive oxygen
species, and increasing osmolyte accumulation, such
as proline and betaine, thereby maintaining higher
photosynthetic efficiency in salt-stressed sugar beet
(300 m Na*) (Liu et al., 2022). Recent advances in the
use of nanoparticles, beneficial microbes, seed
priming, and plant growth regulators are presented
in Table 3.

12. Irrigation management

Under salinity conditions, irrigation management
optimization can be employed as an effective
strategy to sustain sugar beet productivity while
preserving precious water resources, particularly in
salt-affected semi-arid and arid environments.

Assaf and Alrosan - Salinity resilience in sugar beet

Regulated deficit irrigation (DI) is an approach to
improve water use efficiency (WUE) by reducing the
amount of irrigation water below the maximum
potential requirements at specific developmental
stages. Reportedly, regulated DI (50% FC) combined
with optimized N fertilization (150 kg ha?) positively
affected the yield, WUE, and photosynthesis of sugar
beet, albeit reducing leaf area index (Zhou et al.,
2022). Similarly, applying DI to sugar beet resulted in
improved root dry matter, WUE, and photosynthesis
efficiency at a moderate DI level (50% of FC) (Li et al.,
2019 a). In the formal experiment, it has been
demonstrated that rehydration following moderate
DI treatment enhanced the allocation of
photosynthate to the taproot. In another study,
timed water stress (controlled water deficit)
suppressed excessive vegetative growth in sugar beet
and led to higher yield and improved WUE (Fabeiro
et al., 2003). Therefore, moderate DI can be used to
improve the yield and reduce water consumption in
sugar beet production. Li et al. (2019 b) have found
that moderate DI increased sugar yield by 27%
compared to the control treatment (70% of FC),
while severe DI (30% of FC) at the phase of storage
root development resulted in a 45% improvement in
sugar yield. Moreover, both DI levels (30% and 50%)
enhanced antioxidant defense, expressed by higher
peroxidase activity and proline content after
rehydration.

However, the outcomes of deficit irrigation are
not always consistent and often highlight a critical
trade-off between maximizing absolute yield and
optimizing water productivity. The contradiction in
results across different studies can be attributed to
several factors, including the severity and timing of
the water stress, prevailing environmental
conditions, the specific sugar beet cultivar, and other
interacting agronomic practices. For instance, while
the aforementioned studies show vyield
improvements under specific DI regimes, others
demonstrate that maximum vyield is still achieved
under full irrigation, especially in arid climates. This is
illustrated in a study by Yetik and Candogan (2022),
who reported that an irrigation regime replenishing
100% of the soil water depletion resulted in the
highest root and sugar yields. In contrast, a 33% DI
treatment, while yielding less overall, achieved the
highest water productivity. Therefore, moderate DI
can be a powerful tool. However, its application must
be calibrated to local conditions and specific
production goals, whether that be achieving
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maximum biomass or maximizing the efficiency of
water use.

Fewer studies have explicitly tested irrigation
strategies under salt stress. In clay saline soil (ECe =
10.1 dS m™) with irrigation waters of 0.5, 1.8, and 3.8
dS m™, shortening the irrigation interval to 2 weeks
with fresh water produced the highest root yield and
sugar %, while saline water reduced yield and quality;
acceptable outcomes were still attainable at short
intervals (2-3 weeks) even with saline water (Eid and
Ibrahim, 2010). In salt-affected soil (ECe = 10.94 dS
m™'), combining DI (100/80/60% ETc) with biochar
(0/10/20 t ha™") improved soil moisture retention;
while water productivity (WP) peaked at 18.18 kg m™3
under 80% ETc (ElI-Samnoudi et al., 2021). Under
furrow irrigation, cut-off at 80% of furrow length
produced the highest root and sugar yields and the
highest WP; improvements in salinity metrics (ECe,
SAR, ESP) were greatest with 100% irrigation and
least with 70% cut-off (Zoghdan et al., 2019). With
saline irrigation water (ECiw = 6.2 vs 0.8 dS m™), high
salinity reduced root mass, length, and yield but
increased soluble soilds ; similar responses were also
observed for irrigation suppression (Costa et al.,
2025). This increase is consistent with the stress-
induced accumulation of soluble solids (sugars) and
earlier root maturation under water deficit
(Mahmoud et al., 2018); however, responses can
vary with irrigation depth/regime (Ribeiro et al.,
2024). Finally, in salt-affected soil (EC 2.9 dSm-1)
managed by 80/100/120% pan-evaporation
schedules and organic inputs (compost fractions; K-
humate 12/24 kg ha™), the 80% pan combined with
N fertilization and 24 kg K-humate ha™" improved
CEC, soil organic matter, infiltration, hydraulic
conductivity, water productivity, and yield (Amer et
al., 2020).

13. Breeding of salt-tolerant varieties

As demonstrated in the formal sections, cultural
practices and agronomic treatments can help
alleviate the adverse effects of salinity stress on root
yield and sugar yield in sugar beet. However, long-
term and sustainable mitigation of salt stress can be
achieved by developing salt-resilient sugar beet
varieties. In this regard, comparisons of salt-tolerant
and salt-sensitive cultivars at the proteomic level can
be utilized, particularly for the upregulation of stress
proteins, the activity of ROS detoxification, Na*
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extrusion, and the accumulation of osmoprotectants
(such as betaine) (Wang et al., 2024). Identifying
potential salt-stress markers based on physiological
and biochemical traits helps screen sugar beet lines
to develop new salt-tolerant cultivars.

Sugar beet is considered a salt-tolerant crop;
however, high salinity levels negatively affect the
growth, development, and yield of sugar beet,
particularly at the seedling stage. In an experiment to
determine the selection criterion for salt tolerance
among three sugar beet cultivars, the proline
content, soluble sugar concentration, Na*/K* ratio,
and Na*/Ca?* ratio were analyzed and used as criteria
to screen for salt stress resistance among the
seedlings of the cultivars (Wu et al., 2013).
Physiological and proteomic profiles of sugar beet
cultivars can also be used to analyze salt tolerance.
For instance, proteomic results indicate that salt-
sensitive and salt-tolerant cultivars exhibit distinct
responses to salinity stress, with the tolerant cultivar
showing enhanced antioxidant activity, higher proline
content, and lower sodium accumulation (Wang et
al., 2019). In another experiment, 11 morphological
and physiological traits were used in a cluster
analysis to evaluate the salt stress tolerance levels of
sugar beet genotypes, and the results were
successfully used to identify cultivars as tolerant,
moderately tolerant, and sensitive to salt stress
(Abbasi, 2020). The identification of reliable and
rapid measurable traits is vital for effective salt-stress
screening, facilitating selection in breeding programs.
In this regard, it has been indicated that chlorophyll
content and electrolyte leakage could be used as
indicators for selecting salt-tolerant sugar beet
cultivars (Kulan et al., 2021).

Polyploidy was also shown to influence the
response to salt stress in sugar beet, where diploid
genotypes exhibited superior germination, seedling
growth, and chlorophyll retention under salt stress
compared to triploid and tetraploid genotypes
(Aycan et al., 2023). It is also worth mentioning that
recent advancements in sugar beet biotechnology
have facilitated the development of in vitro
regeneration, somatic hybridization, and genetic
transformation techniques, such as Agrobacterium-
mediated transfer (Mukherjee and Gantait, 2023).
These powerful tools can be employed to develop
transgenic lines with enhanced tolerance to salt
stress (Subrahmanyeswari and Gantait, 2022). In this
regard, advanced techniques have been used to
rapidly introduce salt tolerance and other stress-



resilient traits into sugar beet, providing a faster and
more precise alternative to conventional breeding
methods (Pattanayak et al., 2023).

14. Research gap and future perspectives

A substantial body of evidence supports the use of
mitigation strategies to enhance salinity tolerance in
sugar beet, yet several key research gaps remain. It is
crucial to first acknowledge a critical limitation across
many existing studies: they are often conducted
under a wide range of soil conditions (not only
varying in salinity) and diverse climates. This
variability restricts the direct applicability and
generalization of their findings, making it challenging
to recommend universal solutions for all saline
environments.

Regarding fertilization management, most studies
have focused on the effects of individual macro- or
micronutrients, with a primary emphasis on
potassium, phosphorus, zinc, and molybdenum. Few
studies have addressed the synergistic effects of
combined nutrient application. There is potential in
using strategies that incorporate multiple beneficial
elements/nutrients to enhance the physiological
responses of sugar beets to salinity by applying a
more balanced nutrient regimen. Such integrated
management might be more effective in improving
nutrient uptake efficiency, ion homeostasis, and
osmotic adjustment. Likewise, hormone-like
substances, such as salicylic acid, and biostimulants
could complement nutrient strategies by enhancing
stress adaptation mechanisms in sugar beet.
However, comprehensive evaluations of such
combined approaches remain scarce, and future
research should prioritize the design of experiments
that not only evaluate individual strategies but also
systematically test combinations of organic
amendments, nutrient management, biostimulants,
and microbial inoculants. This will be essential to
understand their complex interactions and optimize
plant responses. Other non-essential but beneficial
elements, such as silicon, have also been
demonstrated to play a crucial role as an
ameliorative agent under saline and drought
conditions. To convey the results of these studies as
practical solutions, further investigations are needed
to examine their optimal form, timing, and dose of
application.

Another area that remains understudied is how
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different sugar beet genotypes respond to specific
fertilization strategies under salinity and drought
stress. Sugar beet genotypes with various levels of
salt tolerance may respond differently to fertilization
management, particularly when the salinity threshold
level is exceeded.

The application of organic amendments, such as
compost, biochar, and humic substances, has also
shown promising results. However, long-term
evaluations of organic amendments remain limited,
particularly in terms of their effects on the soil’s
chemical, physical, and biological properties, which
require more attention in future studies. We also
note that the optimal type, timing, and rates of
application remain poorly defined and require
optimization for varying salinity levels in soil and
irrigation water. Further investigation is needed to
clarify the physiological and biochemical
mechanisms, such as enhanced ion uptake,
antioxidant activity, and microbe-plant interactions,
that contribute to the beneficial effects of organic
amendments. In parallel with organic amendments,
several emerging tools have also been explored, such
as nanoparticles, plant hormones and hormone-like
substances, and microbial inoculants, which hold
promise in mitigating salt stress in sugar beets. Yet,
their combined effects and underlying mechanisms
are not well understood. Biostimulants, such as
tryptophan seed soaking or the application of
hormone-like substances like melatonin, have
recently garnered special attention in the literature
for their potential to improve photosynthesis and
strengthen antioxidant defenses under saline
conditions. Further research is needed to evaluate
their effectiveness and determine how they may be
integrated into comprehensive salinity mitigation
strategies for sugar beet.

The combined application of microbial inoculants,
such as plant-growth-promoting rhizobacteria
(PGPR), nanoparticles, and plant hormones, including
auxins, remains largely uninvestigated, primarily due
to the limited data available on their effectiveness in
mitigating salt stress. While the use of microbial
inoculants holds promise, significant knowledge gaps
persist. For example, inoculating sugar beets with
halotolerant endophytes has been shown to enhance
growth under salinity conditions, yet the mechanisms
underlying PGPR-mediated stress alleviation and the
roles of other symbionts like arbuscular mycorrhizal
fungi are still not well understood. Addressing these
gaps will require multi-factorial studies to identify
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potential synergistic or additive effects among
microbial inoculants, biostimulants, plant hormones,
and beneficial elements/nutrients. Detailed
physiological and molecular research will be essential
to clarify the tolerance pathways activated by such
combinations.

Ultimately, to move beyond isolated findings and
develop robust, field-ready solutions, future
research programs must be designed to explore the
complex interactions between Genotype x
Environment x Management (GxExM). Such studies
would provide crucial guidance on which cultivars
are best suited to specific saline conditions or
respond most effectively to particular agronomic
practices. Conducting field-based trials across
different sugar beet cultivars, combining microbial
inoculation with optimized fertilization and
biostimulant treatments, will be crucial for
translating experimental findings into practical and
scalable solutions for mitigating salinity.

This GXExM approach will not only test strategies
but also help build predictive models that can guide
farmers in selecting the optimal combination of
cultivar and management practice for their unique
environmental challenges.
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