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Carbohydrate Polymers is a major journal within the field of glycoscience, and covers
the study and exploitation of polysaccharides which have current or potential
application in areas such as bioenergy, bioplastics, biomaterials, biorefining,
chemistry, drug delivery, food, health, nanotechnology, packaging, paper,
pharmaceuticals, medicine, oil recovery, textiles, tissue engineering and wood, and
other aspects of glycoscience.

The role of the well-characterized carbohydrate polymer must be the major
proportion of the work reported, not a peripheral topic. At least one named
carbohydrate polymer must be cited and be the main focus of the paper and its title.
Research must be innovative and advance scientific knowledge.

Characterization - For all polysaccharides, including those obtained from a supplier,
essential structural information which will affect their behavior in the subsequent
work should be given, along with a description of how that information was
ascertained. Examples of such essential information include molecular weight,
mannuronate/guluronate ratio for alginates, degree of esterification for pectin, degree
of deacetylation for chitosan. Editors are unlikely to send papers for formal review
with a statement such as "sodium alginate was purchased from XXX Inc." unless
additional information is supplied. For papers involving synthesis, polysaccharide
derivatives must also be well-characterized. For papers describing identity or
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application of newly-discovered polysaccharides, purity and monosaccharide
composition are essential; some molecular size and linkage information is highly
desirable.

Hypotheses - Nearly all scientific papers benefit from inclusion of a statement of
hypothesis. Such statements should be concise, declarative, and should describe the
one or more key hypotheses that the studies upon which the manuscript is based were
intended to confirm or refute. Inclusion of a hypothesis statement makes it simple to
contrast the hypothesis with the most relevant previous literature and point out what
the authors feel is distinct about the current hypothesis (novelty). It also permits the
authors to describe why they feel it would be important to prove the hypothesis
correct (significance).

Topics of interest to the journal:

e structure-property relationships

« analytical methods

* chemical, enzymatic and physical modifications
* biosynthesis

* natural functions

« interactions with other materials

Topics not of interest to the journal:

* biological, physiological and pharmacological aspects of non-carbohydratemolecules
attached to, or mixed with, carbohydrate polymers, unless the polysaccharide has a
relevant and specific role

* materials science of biocomposites where there is no mention of any specific
carbohydrate polymer, or the role of the carbohydrate polymer is not the major
proportion of the study

« polyalkanoates, polylactic acid, or lignin

« routine studies of extraction yields without characterisation of the extracted
polysaccharide under the different conditions

* routine studies of complexation of a drug with a single cyclodextrin

« studies of newly discovered natural polysaccharides or new polysaccharide
derivatives where the structure of the polysaccharide (derivative) is unknown

« production and isolation of enzymes which act on polysaccharides (studies on the
mode of action of an enzyme on a polysaccharide are within the journal scope)

« carbohydrate oligomers where the degree of polymerization is less than four

« treatments of cotton fabrics and cellulose-based paper where the research is largely
not about the component cellulose itself

« use of carbohydrate polymers as a support material (e.g. in enzyme immobilization,
chromatography, etc.) where there is no specific involvement of the chemistry of the
carbohydrate polymer

« production of chars from polysaccharides, regardless of the application to which the
char will be used. Such manuscripts are out of scope since they do not focus on the
science of well-characterized polysaccharides

Carbohydrate Polymers has an open access companion journal,

Carbohydrate Polymer Technologies and Applications, which is devoted to scientific
and technological aspects and applications of polymers and oligomers containing
carbohydrate.

Hide full aims & scope
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Controllable and uniform loading of gold nanospheres (AuNSs) on cellulose nanocrystal (CNC) were first achieved by electrostatic
adsorption self-assembly. By adjusting the size, Zeta potential, and the loading ratio of AuNSs and CNC, the particle spacing of’
AuNSs on CNC surface was successfully regulated. This strategy provides an easy and efficient approach to construct one
dimensional (1D) "hot spots”, which is a key to improve the performance of surface enhanced Raman scattering spectroscopy (SERS).
When used as SERS probe, the nanohybrid of CNC@AuNSs is able to detect Rhodamine 6G at the low concentration of 5 x 1078 g/L.
Because AuNSs are fixed on CNC to form stable “hot spots”, the SERS reproducibility of CNC@AuNSs is significantly improved
compared to that of colloidal gold nanoparticles, which generally form unstable “hot spots” via irreversible aggregation. This type of
multifunctional nanoprobe based on CNC has potential applications in the field of sensing detection.
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Abstract

Abstract -

Though great efforts have been made to develop selenium polysaccharides with unique properties using HNO3-Na;SeO3 methods,
the Se content is still low due to the poor esterification efficiency of H,SeO3. Herein, selenodiacetic acid (SA) was introduced into
chitosan (CS) to synthesize O-selenodiacetyl chitosan (OSAC) and chitosan-ammonium selenodiacetate (CASA) by covalent and
non-covalent interaction, respectively. The obtained CS derivatives were characterized by UV—vis, FTIR, 'H NMR, XPS, TGA, and
XRD spectra, and the OSAC and CASA showed high Se content up to 15,720 + 475 and 26,363 + 698 pg/g. The OSAC and CASA
demonstrated increased antioxidant activities compared to the CS in DPPH and ABT'S free radical scavenging assays. Moreover,
they exhibited a potent anticancer effect on HepG2 cells with the ICsq values 0f 0.918 and 1.459 pg/mL. Taken together, this study

provides a promising strategy for the design of novel selenium polysaccharides with high Se content and greater biological
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Scheme 1. Preparation of BYG-based nanoparticle and its targeting therapy of theumatoid arthritis.
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ABSTRACT

Chitosan being non-toxic, biocompatible, and biodegradable gained considerable interest among agriculturists.
Our research review discusses about the role of Cs, chitosan nanoparticles (CsNPs), and modified chitosan
biomaterials (CsBMs) under salt stress to improve growth parameters such as plant height, weight, stem width,
fruit yield, pigments such as chlorophyll a, b, total chlorophyll, and carotenoid contents, as well as antioxidant
and non-antioxidative enzymes. Upon Cs treatment and salt stress, total aminoacids (TAA), glutamic acids, and
gamma-aminobutyric acid (GABA) were increased. Furthermore, Cs activated SOS1 pathway and increased
various gene transcripts involved in sodium compartmentalization, proton motive force, energy production, and
phenol metabolism. On the other hand, CsNPs and modified CsBMs treated plants under salinity stress increased
indole terpene alkaloid metabolism, defense related genes, decreased ROS production by enhancing JA signaling,
increased essential oil, anthocyanins, membrane stability, alkaloids, and diterpene glycosides. This is the first
review that specifically brings insights about the physiological and biochemical parameters of the plants by
comparing Cs/CsNPs/modified CsBMs treatment options under salt stress and encourages the use of CsNPs and
modified CsBMs compared to Cs for better plant function under salinity stress.

1. Introduction

oxygen species (ROS) are reactive molecules that cause oxidative stress,
damage to proteins and nucleic acids, produce excess malondialdehyde

Soil salinity is one of the main problems in arid and semiarid areas
that affect the growth and productivity by interfering with the nutri-
tional status of plants through complex interaction mechanisms. The
typical salt challenged plants to exhibit reduced nutrient absorption,
poor transport of nutrients from roots to shoots, decreased dry leaf and
stunted root growth, degradation of leaf pigments like chlorophyll and
carotenoids affecting photosynthetic machinery, and causing a reduc-
tion in overall growth (Ashour, Esmail, & Kotb, 2020; Mosavikia,
Mosavi, Seghatoleslami, & Baradaran, 2020; Safikhan, Khoshbakht,
Chaichi, Amini, & Motesharezadeh, 2018; Sen, Chouhan, Das, Ghosh, &
Mandal, 2020; Zayed, Elkafafi, Zedan, & Dawoud, 2017). Reactive

* Corresponding authors.

(MDA) by inactivating antioxidant enzymes and ultimately causes cell
death under salt stress (Sheikhalipour et al., 2021). They also play an
important role in cell signaling and tissue homeostasis (Su et al., 2019).
Further, during salt stress, plants also use non-enzymatic compounds
such as phenolic compounds and flavonoids, ascorbate (vitamin C),
chlorophylls, carotenoids, glutathione constitute, and a-tocopherols to
remove ROS while protecting cells from oxidative stress (Gerami,
Majidian, Ghorbanpour, & Alipour, 2020; Sen et al., 2020; Sheikhali-
pour et al., 2021). Additionally, salt stress could activate the modulation
of nitric oxide (NO) on gene expression and protein function, inducing
the HT-ATPase activity, chlorophyll biosynthesis, osmolyte
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Fig. 1. CsNPs/ modified CsBMs treatment under salinity stress improved overall plant performance in various plant species. (a) maize, (b) periwinkle, (c) mung bean,
(d) bean, (e) milk thistle, (f) bitter melon. Biomaterials with different sizes used to combat salt stress of different plant species were listed. Chl- chlorophyll, MAPK3-
mitogen activated protein kinase; GS- geissoschizine synthase, ORAC3-terpene indole alkaloid transcription factor; H>O,- hydrogen peroxide; PPO-polyphenol oxidase; SOD-

superoxide dismutase; MDA- malondialdehyde; POD-peroxidase.

accumulation, and secondary metabolites (Oliveira, Gomes, Pelegrino,
& Seabra, 2016). Altogether, significant destructive effects of salt stress
can occur on plant growth, development, differentiation rate as well as
primary and secondary metabolism (Gerami et al., 2020; Hassan, Ali,
Gaber, Fetouh, & Mazrou, 2021).

Chitosan (Cs) has a wide application scope in various biological
fields including agriculture, thanks to its amine and —-OH groups which
make it with nucleophilic behavior and easily available for various
chemical reaction (Rabelo et al., 2019). The application of Cs in the right
manner and concentration can effectively reduce the harmful effects of
high salinity levels and increase plant growth and/or the yields (Safi-
khan et al., 2018), as it reported on maize (Turk, 2019), mung bean (Sen
& Mandal, 2016), rice (Garude, Vemula, & SRM, 2019), safflower
(Golkar, Taghizadeh, & Yousefian, 2019), stevia (Gerami et al., 2020),
sunflower (Bakhoum, Sadak, & Badr, 2020), and tomato (Hernandez-
Hernandez et al., 2018; Ullah et al., 2020) plants. Those studies also
showed that Cs under saline stress alleviated effect at gene expression
level as well as in biochemical level. Additionally, usage of Cs is
preferred due to several properties such as antioxidant (Jabeen &
Ahmad, 2013; Safikhan et al., 2018), anti-microbial (Gerami et al.,
2020), biodegradable (Ullah et al., 2020), bioactive (Bakhoum et al.,
2020; Turk, 2019), biocompatible (Hassan et al., 2021; Safikhan et al.,
2018), water-soluble (Golkar et al., 2019) and non-toxic (Sen et al.,
2020; Zayed et al., 2017). They can be applied through foliar spray or
soil application to induce stress tolerance and improve plant perfor-
mance by activating several stress-related enzymes. It also can be
applied as seed coating (Garude et al., 2019) and solid matrix priming
(SMP) or matric conditioning. In SMP, the seeds are mixed with solid or
semi-solid materials with a certain amount of water and take advantage
of the chemical and physical characteristics of the solids to limit the
water absorption of the seeds (Sen & Mandal, 2016).

Nanotechnology exploits the unique characteristics of nanoscale
particles with a diameter of less than 100 nm is a promising new field of
biotechnology in various fields, including agriculture. The application of

nanomaterials is a relatively new and emerging field of study that has
great potential for mitigating plant stress, both biotic and abiotic. The
advantage of chitosan biomaterials (CsBMs) over Cs is, CsBMs possess
interface and surface effects, and their smaller size makes CsBMs
effective over bulk Cs (Divya & Jisha, 2018). In fact, various applications
of Cs-NPs have been found to increase salinity tolerance in plants (Sen
et al., 2020; Sheikhalipour et al., 2021; Zayed et al., 2017). It is even
more interesting to see the composition of CsBMs in mitigating the
deleterious effect of salt stress on bitter melon (Sheikhalipour et al.,
2021), maize (Oliveira et al., 2016), milk thistle (Mosavikia et al., 2020),
and periwinkle (Hassan et al., 2021). Despite using CsBMs alone to
improve the productivity and quality of several crops, the use of modi-
fied CsBMs gained more advantage. However, information is still scarce
concerning the abiotic stress tolerance effects of CsBMs. Previous re-
views have focused on the importance of Cs in both abiotic and biotic
stress conditions but lack information on physiological and biochemical
parameters of Cs, CsBMs/modified CsBMs (Hidangmayum, Dwivedi,
Katiyar, & Hemantaranjan, 2019; Pongprayoon, Siringam, Panya, &
Roytrakul, 2020). For the first time, this review summarizes the bene-
ficial effect of CsBMs alone or in the modified form compared to Cs,
specifically under salt stress to improve oveall performances (Fig. 1).
This study gives a comprehensive insight from the synthesis of Cs
nanomaterials to the mechanism of transport and function of Cs/CsBMs/
modified CsBMs under salinity conditions. It broadly discusses the
physiological changes by Cs/CsBMs/modified CsBMs, including changes
in primary metabolites, JA signaling, antioxidant activity, secondary
metabolites and membrane permeability, leading to improved photo-
synthesis and growth under salinity conditions.

2. Synthesis of CsNPs/modified CsBMs for salt stress mitigation
CsBMs have been reported to be prepared by emulsion droplet coa-

lescence, reverse micellar method, ionic gelation, precipitation, sieving,
and spray drying therefore, widely used in various biomedical



S.R. Balusamy et al.

Carbohydrate Polymers 284 (2022) 119189

Table 1
Common characteristics features of CsBMs/modified CsBMs synthesis used to combat salt stress.
Botanical name Common Molecular weight/ Chitosan nano/ Methods used Size Shape Poly Zeta References
name deacetylation microparticles dispersity potential
percentage (CsNPs/CsMPs) index
(PDI)
Zea mays L Maize —/87.4% NO releasing Cs- Ionotropic gelatin 38.81 + - 0.300 + 17.7 £ (Oliveira et al.,
deacetylation NPs 18.10 nm 0.010 0.1 mV 2016)
Momordica Bitter 310-375 kDa/ Cs-Se NPs - 50 nm Spherical - - (Sheikhalipour
charantia melon 75-85% et al., 2021)
deacetylation
Phaseolus Bean 100-300 kDa / - CsNPs Polymerization 46.32 nm - - - (Zayed et al.,
vulgaris L. 2017)
Catharanthus Perwinkle Medium molecular CsNPs Ionic gelatin of Cs - - - - (Hassan et al.,
roseus (L.) G. weight/80% with triphosphate 2021)
Don deacetylation anion
Vigna radiata Mung —/— CsNPs Tonotropic gelatin 254 nm Sphere 0.501 +103mV  (Senetal., 2020)
bean
Silybum Milk —/- CsNPs - - - - - (Mosavikia
marianum (L.) thistle et al., 2020)
Gaertn.
Solanum Tomato 1531 + 372 kDa/ -  Cs-MPs Tonic gelatin 2.10pm - 0.14, 1.95 - (Colman et al.,
Lycopersicum +0.78m +0.32 2019)

applications (Agnihotri, Mallikarjuna, & Aminabhavi, 2004; Alonso,
Calvo, & Remun, 1997; Calvo, Remunan-Lopez, Vila-Jato, & Alonso,
1997; Mitra, Gaur, Ghosh, & Maitra, 2001). However, chitosan nano-
particles (CsNPs) used in the salt stress tolerance were prepared using
ionotropic gelatin method (Oliveira et al., 2016). The use of ionotropic
gelation method benefits Cs to encapsulate various molecules, produce
nanoparticles in a wide range of sizes, ability to encapsulate drugs with
medium to high efficiency, and to produce stable nanoparticles indi-
cating the versatility of the technique for using it in biomedical field
(Sacco et al., 2021). However, the importance of CsNPs synthesized
using ionotropic gelation method in plants was not elucidated till date. It
is well known that the size of the prepared nanoparticles depends on the
molecular weight, chemical structure, and degree of deacetylation of Cs
(Chan & Kwok, 2011; Luangtana-anan et al., 2005). For instance, the
higher the Cs molecular weight, the larger size of CsNPs were observed
irrespective of whether the plant is monocot or dicot. In bitter melon,
molecular weight of Cs 310-375 kDa were used to synthesize chito-
san-selenium based nanoparticles (Cs-SeNPs) showed 75-85% deace-
tylation and produced 50 nm size nanoparticles. Whereas, in case of
bean plants the molecular weight of Cs is between 100 and 300 kDa, and
therefore the size of the synthesized CsNPs is recorded as 46.32 nm.
However, this study lacks the deacetylation percentage (Table 1). The
effect of Cs and CsNPs/modified CsBMs on plant defense response
against salt stress were summarized in Tables 2 & 3. Nevertheless, the
correlation between molecular weight, size, and surface charge of CsNPs
and plant salt stress defense response are still in the preliminary stage
and therefore, research should be conducted in this area to unravel
many interesting facts.

3. Effect of Cs/CsNPs/ modified CsBMs on plant growth under
salinity stress

Considering the effect of Cs and CsNPs on plant growth, we described
the effect of Cs and CsNPs on growth parameters, including plant height,
number of leaves, root length, fruit quality in this section.

3.1. Improved plant growth upon Cs treatment

A foliar spray of 1000 mg L™ Cs under 5844 mg L™ NaCl to maize
seedlings improved root length by 13.7%, plant height by 10.7%
compared to salt stressed maize seedlings and considered to be the
critical parameters in determining plant productivity (Turk, 2019). The
growth promoting effect of Cs was likely due to the ability of Cs to
activate primary metabolic pathways such as photosynthesis, glycolysis,

and glucose assimilation (Zhang, Li, Xing, Liu, & Li, 2017). A foliar
application of Cs at 150 mg L™} to control non-stressed tomato plants
showed the maximum plant height value, 63.75 cm. When tomato plants
were treated with 8766 mg L ™! of salt stress, average of 11.99 number of
leaves were found. Whereas, foliar application of 150 mg L™ Cs under
8766 mg L' salt stress significantly increased the leaf numbers up to
20.07, which was increased 19.07% from the stressed one.

Similarly, the leaf area of tomato plants decreased significantly up to
5.4% compared to control, with increased salt stress concentration up to
8766 mg L. However, the 150 mg L™ Cs application reversed the
effect of salt stress by significant increase up to 9.8% in tomato plants’
leaf area compared to control non-treated plants. Interestingly,
compared to salt stressed plants, all Cs concentrations induced a sub-
stantial increase in the leaf area of salt stressed plants. When 150 mg L™}
Cs was treated under salinity stress, the maximum stem diameter was
observed compared to salt stress treated plants.

Salinity stress also affected the fruit weight (15.83 g), and number of
fruits (55.43) compared to control plants. However, foliar application of
Cs 150 mg L' under salinity stress 61.6% increased number of fruits
and 16.1% increased fruit weight of tomato plants, compared to salt
stressed plants. The yield of tomato per plant also decreased signifi-
cantly during salinity stress compared to control non-treated plants,
which was 17.7% smaller. In comparison, foliar application of Cs
showed a maximum yield of 1.38 kg compared to salt treated plants.
Like leaf area, the yield was also increased in all Cs concentrations,
compared to salt stress plants. Fruit firmness and fruit juice were also
affected by salinity stress in tomato plants, valued 2.78 kg ~2 and 4.93 of
pH, respectively. However, Cs application under salt stress increased the
fruit firmness up to 29.5% and fruit juice up to 4.7% compared to salt
stressed plants (Ullah et al., 2020). Overall, growth parameters such as
plant height, root length, number of leaves, stem diameter, fruit quality
etc., were reversed upon Cs application during salinity stress. Thus, Cs
can be a potential tool to alleviate salt-induced detrimental effects in
plants.

The application of Cs foliar spray on marigold also resulted in the
same positive effect on growth parameters such as plant height, leaf
area, number of branches and plants, dry weight by reducing salinity
stress (Abdel-Mola & Ayyat, 2020). The sunflower seeds soaked with
different concentrations of Cs 25, 50, and 75 mg L~! under different
4000 and 8000 mg L~! salinity levels could enhance the growth indices
of sunflower plants. Compared to 8000 mg L~ of salinity stress and Cs
treatment, 50 mg L™ Cs under 4000 mg L ™! salinity stress recorded the
highest shoot length, stem circumference, number of leaves, fresh
weight, and dry weight (Bakhoum et al., 2020). Therefore, 50 mg L ™! Cs
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Table 2
Effect of chitosan and its application under salinity stress of plants.

Plants Parts Growth Cs Treatment Salt Treatment Methods studied References

conditions

Helianthus annus ~ Seeds In vivo 25, 50, 75 mg Soaking 4000 & 8000 Irrigation Photosynthetic pigments, shoot (Bakhoum et al.,
L. (Sunflower) Lt mg L7! length, a number of leaves, stem 2020)

circumference, fresh and dry
weight of plants, IAA, phenol
content, free aminoacids, proline,
TSS, seed weight, oil, yield,
protein.

Zea mays cv. Seedlings In vivo 1000 mg L! Foliar 5844 mg L~} Foliar Reactive oxygen species, (Turk, 2019)
Arifiye antioxidant content,

(Maize) mitochondrial respiration rate,
root length, plant height

Silybum Plant In vivo 0.01, 0.05 & Mixed with 2560, 6400, Irrigation Root and shoot growth, leaf (Safikhan et al.,
marianum (L.) 0.1% (dw/dw) dry soil 9600 mg Lt chlorophyll content, soluble 2018)

Gaertn sugars, proline content,
(Milk thistle) antioxidant enzymes, HoO»

Agrostis Plants In vivo 100, 200, 500, Dissolve 5.84 mg L' Irrigation Chlorophyll content, sugars, (Geng, Li, Hassan,
stolonidera 1000 & 2000 mg  with for 4 days; amino acids, antioxidant enzyme & Peng, 2020)
(Creeping L! Hoagland 8.76 mgL! activities, Na* /K" antiporter gene
bentgrass) solution for 4 days & expression, PA, MDA

11.68 mg L!
for 16 days

Carthamus Callus In vitro 25 & 50 mg L! In vitro 15,000 mg L! Tissue Callus growth, flavonoids, (Golkar et al.,
tinctorius (L.) media culture flavonols. Anthocyanin, 2019)
(Safflower) phenolics, DPPH radical

scavenging

Vitex trifolia- Plants In vivo 30, 60, 90 mg Spray 1000, 2500 & Irrigation Chlorophyll content, total (Ashour et al.,
Purpurea Lt 5000 mg L~} carbohydrates, K™% and Ca>*9%, 2020)

(Arabian Na', K* ratio, proline, phenol
Lilac) content

Carthamus Seeds In vitro 2.5,5,7.5mg Priming 2176, 4880, Tissue Germination, shoot length, root (Jabeen &
tinctorius L. Lt 6880 & 8640 culture length, proline, POD, catalase, Ahmad, 2013)
(Safflower) mg L MDA

Helianthus annus Seeds In vitro 2.5, 5,7.5 mg Priming 2176, 4880, Tissue Germination, shoot length, root (Jabeen &

L. Lt 6880 & 8640 culture length, proline, POD, CAT, MDA Ahmad, 2013)
(Sunflower) mgL~!

Triticum Seeds Invivo 250, 500, 750 Soaking 2922, 5844, Irrigation Growth parameters, antioxidant (Peykani &
aestivum L. mg L~} 8766 & enzymes, MDA, proline Sepehr, 2019)
(Wheat) 11,688 mg L~?

Zea maize L. Seeds In vivo 250, 500, 750 Soaking 2922, 5844, Irrigation Growth parameters, antioxidant (Peykani &
(Corn) mg Lt 8766 & enzymes, MDA, proline Sepehr, 2019)

11,688 mg L?

Vigna radiata Seeds In vitro 1,2,5mgL™! Priming 2560, 4800, Soaking Plant height, root length, (Sen & Mandal,
(Mung bean) 6400 & 9600 germination rate 2016)

mg Lt

Solanum Seeds Invitro/ Salt 15 mg L™} 29x103and Irrigation Plant biomass, chlorophyll (Chanratana
Lycoperiscum stress -in chitosan 5.8 x 10~ mg pigments, proline content, MDA, et al., 2019)
(Tomato) vivo immobilized L H,0,, antioxidant enzymes,

with bacterium nutrient accumulation

Solanum Plants Green lg Soil mixture 5844 mg L~} Mixed in Plant height, stem diameter, (Hernandez-
Lycopersicum house steiner number of leaves, number of Hernandez et al.,
Mill. nutrient clusters, SOD, CAT, GPX, PR1, JA 2018)
(Tomato) solution gene expression

Solanum Plants In vivo 76,325, 152,650 Foliar 2922, 5844 & Irrigation Leaf chlorophyll content, plant (Ullah et al.,
Lycopersicum & 228,975 mg 8766 mg Lt height, leaf area, stem diameter, 2020)

Mill. Lt number of fruits, fruit firmness
(Tomato) and fruits juice pH, plant yield

Calendula Seedlings In vivo 100, 200 & 400 Foliar 1000, 2000, Irrigation Vegetative growth parameters, (Abdel-Mola &
officinalis L. mg L~! 3000, 4000 & floral parameters, chlorophyll Ayyat, 2020)
(Marigold) 5000 mg L~ ! content, proline, 3-carotene, free

proline, Na, Cl %

Triticum Field 10 & 20 mg Lt Foliar Chlorophyll, carotenoids, (Abdallah,
aestivum vegetative parameters, Ramadan, El-
(Wheat) antioxidant enzymes, MDA, Bassiouny, &

phenols, flavonoids, beta- Bakry, 2020)
carotene, anthocyanin, lycobine

Silybum Termina Field 250 & 500 mg Foliar 2922 & 5844 Irrigation Growth parameter, biochemical (Helaly, Farouk,
mariamum cuttings Lt mg L1 parameter, essential oil yield Arafa, &

(Milk thistle) Amhimmid,
2018)

Ocimum Seedlings In vivo 200 mg L1 Foliar 1461, 2922, Irrigation Chlorophyll, phenols, PAL, (Rashidi, Khavari-
basilicum L. 5844 & 8766 CVOMT gene expression Nejad, Ramak, &
(Sweet Basil) mgL~!

(continued on next page)
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Plants Parts Growth Cs Treatment Salt Treatment Methods studied References
conditions
Saadatmand,
2020)
Stevia Seeds Pots 200, 400, 600 2.9 x 1073, Spray Chlorophyll and carotenoids, (Gerami et al.,
rebaudiana mg L~! 58x10°%& method diterpene glycosides, antioxidant 2020)
Bertoni 8.7 x 103 mg enzymes -CAT, POX, lipid
(Stevia plant) Lt peroxidation

Abbreviations: ROS- Reactive oxygen species, IAA- Indole acetic acid; DPPH- 2,2-diphenyl-1-picrylhydrazyl, PAL-phenylalanine ammonia-lyase, CVOMT- Chavicol O-
methyltransferase, SOD-Superoxide dismutase, CAT- Catalase, GPX- Glutathione peroxidase, MDA- Malondialdehyde, PA- Polyamine, PR1-Pathogen related protein-1,
JA-Jasmonic acid, POX- Peroxidase, ABTS- 2,2'-Azinobis-(3-Ethylbenzothiazoline-6-Sulfonic acid.

Table 3
Effect of CsNPs and its modified form on defense related pathways in plants under salt stress and normal conditions.
NPs Plants Parts Growing Chitosan Treatment Salt Treatments Methods studied References
treated conditions BM’s
concentration

Nitric oxide- Zea mays L. Seeds In vivo 76.32 & Directly 17,532 Directly treated to Photosynthetic (Oliveira et al.,
releasing 152.65 mg treated to mg L~} sand pigments, growth 2016)
chitosan Lt sand analysis, S- nitrosothiol
nanoparticles content
(NO-CsNPs)

Chitosan- Momordica Seeds Growth 10 & 20 mg Foliar 2922 & Hoagland nutrient Antioxidant enzymes, (Sheikhalipour
Selenium charantia chamber Lt 5844 mg supplemented proline, essential oil et al., 2021)
nanoparticles L with NaCl from fruit, relative
(Cs-SeNPs) water content & K+,

MDA, H,0,, Na
aggregation studies

Chitosan Solanum Seeds In vitro 0.1 and 1 mg Foliar - - Germination, vigor (Colman et al.,
microparticles Lycoperiscum mL~! index, root and shoot 2019)
(CsMPs) biomass, ROS,

antioxidant enzymes,
defense related protein
markers, auxin and
cytokinin pathways

Chitosan Phaseolus Seeds Trays 1,2and 3mg  Soaking 2.9 x Hoagland nutrient ~ Membrane stability (Zayed et al.,
nanoparticles vulgaris L. L 1073,5.8 solution mixed index, relative water 2017)
(CsNPs) x10°% & with different content, antioxidant

8.7 x concentrations of enzyme activity, PPO
10-° mg salt activity, proline
-1

Chitosan Catharanthus Plants Pots 10 mg L7! Foliar 8766 mg Irrigation Plant height, shoot and (Hassan et al.,
nanoparticles roseus (L.) G. L! root fresh and dry 2021)
(CsNPs) Don weights, chlorophyll

content, MDA, H50-,
antioxidant enzymes,
diterpene, MAPK3, GS,
ORCA3, rBCL genes

Chitosan Vigna radiata Seeds Tissue 2mg L} Priming 2560 & Solid matrix Chlorophyll, (Sen et al.,
nanoparticles culture 6400 mg priming carotenoids, reducing 2020)
(CsNPs) L sugar, protein content,

phenol, flavonoids,
vitamin c, proline,
MDA, H,0,, DPPH,
ABTS, CAT, POD, PPO,
APX

Chitosan Silybum Seeds Tissue 2.5,5& 10 Priming 2.9 x Mixed with Van’t Germination rate, (Mosavikia
nanoparticles marianum (L.) culture mg L 1073,5.8 Hoff formula chlorophyll, CAT, et al., 2020)
(CsNPs) Gaertn. x 1073 & proline content

8.7 x
103 mg
-1

Abbreviations: ROS- reactive oxygen species, PAL-phenylalanine ammonia-lyase, SOD-superoxide dismutase, CAT- catalase, GPX- glutathione peroxidase, MDA-
malondialdehyde, APX- ascorbic acid, PPO-polyphenol oxidase, DPPH-2,2- diphenyl-1-picrylhydrazyl, GS- gissoschizine synthase, MAPK3- mitogen-activated protein

kinase 3, ORAC3- terpene indole alkaloid transcription factor.

was considered the most effective concentration and can be used to
mitigate sunflower plants’ salinity stress of 4000 mg L-! in
concentration.

1 g of Chitosan-polyvinyl alcohol (Cs-PVA) was mixed with different
parts of soil mixture under 5844 mg L~! saline stress showed increased
plant height, stem diameter, number of leaves at 28- and 42-days after

transplantation (DAT) compared to Cs treated non-stressed and non-
treated control tomato plants. Thus, proving Cs-PVA can be utilized to
actuate the resilience of plants to salt pressure (Hernandez-Hernandez,
Juarez-Maldonado, et al., 2018) by providing positive and synergistic
role of Cs and PVA to produce salt tolerant tomato plants. When 0.5 mg
L~ Cs was applied to milk thistle plants under 2560 mg L~" of salinity
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stress, showed increasing plant height. Moreover, when the severity of
salinity stress increased to 6400 mg L™}, maximum plant height under
0.5 and 0.1 mg L' Cs application was observed. However, the
maximum plant height at 9600 mg L™ salinity level was observed at 0.1
mg L~! Cs application. Thus, a lower percentage of Cs would be needed
to reach a maximum height at an increased salinity level. Nevertheless,
salinity stress of 9600 mg L' decreased root dry weight by 55.3%
compared to control milk thistle plants. The salinity stress caused serious
cellular damage, decreased biomass, root growth, water status, and
photosynthesis. The application of Cs at all concentrations increased all
the parameters, and thus improved tolerance to salt stress of milk thistle
plants. This might be because of Cs adjusting root morphology to
strengthen its absorption and survival by increasing root length and root
surface area. Although the shoot dry weight was also increased in all
tested concentrations of Cs, the maximum shoot dry weight was ach-
ieved in 2560 mg L' salt treatment with 1 mg L™! Cs. The exact
mechanism of action of Cs on growth is unclear, it was found that Cs may
induce plant hormones such as gibberellins, enhance growth, and the
developmental process by activating signaling linked to auxin biosyn-
thesis. The different salinity stress concentrations recorded different
biomass yields in milk thistle plants. For instance, 1 mg L™! of Cs under
9600 mg L' salt treatment resulted in 37.41% higher plant biomass
than non-treated control plants. Whereas, when the salt concentration of
2560 mg L' and 6400 mg L.~! applied along with 0.5 mg L' and/or 0.1
mg L1 Cs exhibited the maximum biomass compared to 9600 mg L~!
salinity level and no Cs treatment (Safikhan et al., 2018). The combined
treatment of zeolite-Cs (8 g kg~! and 250 mg kg~ !, respectively) by
mixing in soil alleviated the depressing effects of salt stress by increasing
plant growth, declined sodium and chloride concentration in both roots
and shoots of rosemary plants (Helaly et al., 2018). In summary, the
application of different concentrations of Cs under salt or non-stressed
conditions improved the overall performance of plants by stimulating
the growth effects of various plants.

3.2. Improved plant growth parameters upon CsNPs/modified CsBMs
treatment

CsNPs play a potential role in increasing the growth parameters of
various plants under abiotic stresses, particularly salt stress. Selenium
(Se) is a benefial nutrient, fertilizer for plants that can improve growth,
yield of the plants and salt tolerance (Diao et al., 2014; Igbal et al., 2015;
Moore, Mahmoudkhani, Sanders, & Durand, 2012). A foliar spray of 10
and 20 mg L ™! of Cs-SeNPs nanoparticles improvised the bitter melon to
tolerate salinity by increasing growth parameters, and better yield of
essential oils. The treatment of 20 mg L~! Cs-SeNPs significantly
improved shoot fresh weight, shoot dry weight, root fresh weight, root
dry weight, stem height, and relative water content under 2922 mg L™
and 5844 mg L' NaCl concentration compared to both 10 mg L™! Cs-
SeNPs treated and control plants. However, the more prominent effect
was found when plants treated with 20 mg L™ Cs-SeNPs against 5844
mg L~! NaCl concentration. Moreover, essentially expanded fruit yield,
fruit weight, and number of fruits under 2922 and 5844 mg L™ NaCl
(Sheikhalipour et al., 2021), indicating that 20 mg L' Cs-SeNPs could
improve both fruit, and growth rate of the bitter melon plants under
salinity stress by suggesting its synergistic role. When glycol-Cs and
selenium nanoparticles (SeNPs) combined at optimum concentration,
they can act synergistically to improve quality of ginseng by reduced
oxidative stress, and increased ginsenoside production (Abid et al.,
2021). The maize plants subjected to 17,532 mg L~ NaCl stress under
85.28 mg L' and 170.57 mg L' nanoencapsulated S-nitroso-mercap-
tosuccinic acid (MSA) CsNPs resulted in a complete arrest of salt induced
alterations in fresh and dry weights of shoots and roots. Compared with
8.96 mg L7}, 17.92 mg L™! free S-nitroso-MSA and 170.57 mg L~}
nanoencapsulated ~S-nitroso-MSA- CsNPs, 85.28 mg L' nano-
encapsulated S-nitroso-MSA-CsNPs exhibited the highest salt tolerance
to maize plants (Oliveira et al., 2016), indicating that the salt tolerant
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effect is dependent on concentration of nanoencapsulated S-nitroso-
MSA-CsNPs. It is also noteworthy to speculate from reported studies in
this review that CsNPs itself is capable of exhibiting salt tolerant effect
other than its role as nanocarriers. The synthesis of Cs-microparticles
(CsMPs) and foliar treatment of 0.01 mg L_l, and 0.1 mg L1 CsMP’s
promoted a statistically significant increase in germination rate
compared to bulk Cs and control tomato plants without salt stress.
Moreover, treatment of 0.01 mg L™" and 0.1 mg L™! CsMPs enhanced the
vigor index in 11-day old seedlings by 29.3% and 38.1% compared to
control plants. Surprisingly, the vigor index of both bulk Cs and CsMPs
treated plants showed similar improvement. However, bulk Cs showed
reduced biomass, whereas CsMPs at 0.01 mg L' and 0.1 mg L™ con-
centrations increased leaf area, root dry weight, and biomass (Colman
et al., 2019). This study suggests the use of CsBMs over bulk Cs to
improve the growth of plants thus can be used as a plant growth
stimulator.

During the vegetative (V) and flowering stage (F), plant height,
branch numbers, also fresh and dry weights of shoots and roots signifi-
cantly reduced periwinkle plants exposed to 8766 mg L™ salt. However,
a foliar spray of 10 mg L™ CsNPs under 8766 mg L~! salinity stress
reversed the effect of salt stress on fresh and dry weights of shoots and
roots. However, the highest growth parameters were recorded in the
CsNPs alone treated plants without salt stress (Hassan et al., 2021),
indicating that 10 mg L™ CsNPs is effective as a plant growth regulator
under non-salinity conditions. The germination index (GI), co-efficient
velocity (CV) was significantly improved under salinity stress in both
Cs and CsNPs treatment by priming method with respect to that of
control. However, there were some differences in GI and CV were
observed between Cs and CsNPs treatments of mung bean seedlings. At
low salinity stress (no salinity), GI of CsNPs treated seedlings increased
by 22.3% compared to Cs alone treated seedlings. Seedlings treated with
CsNPs increased CV by 19.6% compared to salt stressed seedlings. On
the other hand, the significant lower mean germination time (MGT) was
recorded in the CsNPs primed seedlings compared to Cs alone treated
seedlings. However, CsNPs treated seedlings MGT increased by 97%
with respect to control untreated seedling (no salinity). The germination
stress tolerance index (G.S-I) of Cs and CsNPs was recorded as the
highest at low salinity stress (no salinity) compared to hydro-primed,
and control seedlings (Sen & Mandal, 2016). Treatment of 1, 2, and 3
mg L™ CsNPs, and 5844 mg L~! salt to study salt tolerance in bean
plants by measuring advanced salt tolerance index (S.T.I), seed germi-
nation and radical length. 3 mg L™! CsNPs treatment under salt stress
showed the highest S.T.I for germination after 24 h, 48, and 72 h
compared to salt treated plants. In addition to that, when 3 mg L™! of
CsNPs treated to bean plants resulted in increased S.T.I of radical length
after 24, 48, and 72 h. Further, there is an increase in plant height, leaf
area, fresh and dry weight of shoot and root (Zayed et al., 2017). A seed
priming technique is used to treat milk thistle seeds with 2.5, 5, and 10
mg L™! CsNPs and 2922, 5844, and 8766 mg L' of salt. When seeds
were subjected to 8766 mg L' salt stress, there was a significant
reduction as much as 49.12% in germination percentage and 50.07%
reduction of seedling length compared to control group. Among all
different concentrations of CsNPs treated, priming with 2.5 mg L™}
CsNPs positively affected germination parameters, and physiological
attributes such as 40.4% increased germination percentage, 74.0%
increased seedling length, and 3.7% increased seedling dry weight
compared to that of 8766 mg L™ salt stressed milk thistle seedlings
parameters (Mosavikia et al., 2020). Cs-NPs even at low concentration
increased plant productivity, and growth in milk thistle plants.

In summary, for the improvement of physiological status of plants
through Cs/CsBMs/ modified CsBMs application, seed priming is
considered as the most effective method compared to other methods
including foliar spray, in vitro application, and direct application to soil.
Interestingly, as a finding from this review, seed priming requires only
low concentration of Cs/CsNPs/modified CsBMs compared to other
treatment methods to exhibit a significant difference in physiological
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parameters in salt treated or untreated plants. However, that is not the
case when other methods are used for Cs/CsBMs/ modified CsBMs
application. From the above studies, its clearly understood that the ef-
fect of Cs/CsNPs are species-specific, it is always important to optimize
concentration for the maximum effect of Cs/CsBMs to diminish salt
stress in plants.

4. Effect of Cs/CsNPs/ modified CsBMs on photosynthesis under
salinity stress

4.1. Effect of Cs treatment on photosynthesis

The most significant environmental factor for plants is light, which
provides energy for the photosynthesis process, and is considered as a
regulator for all aspects of the vital process as far as plants are con-
cerned. During the photosynthesis process of higher plants, pigments
such as carotenoids, chlorophylls (chl a, b), and phycobilins are
considered as the major pigments and greatly affected by various
stresses including salt stress (Franklin & Whitelam, 2004; Jackson &
Jenkins, 1995; Lima et al., 2017). Salt stress is a typical abiotic stress
that antagonistically influences plant development and improvement.
Foliar application of Cs at 250 and 500 mg L' to rosemary plants
reduced the chl a and b- during 2nd season, and increased during 1st
season under 2922 and 5844 mg L~! salinity stress indicating that the
application of Cs showed considerable increase in photosynthetic
pigment, content, and composition of carotenoids by preventing chlo-
rophyll from oxidation (Helaly et al., 2018). Application of 2 mg L™ Cs
by foliar method to control and 1461 mg L~! NaCl treatments reduced
the total chlorophyll content. Whereas 2 mg L™! Cs treatment under
2922 mg L' and 5844 mg L' salinity stress increased chlorophyll
compared to that of control treated plants indicating that the ability of 2
mg L™! to increase or decrease the chl content depends on salt concen-
tration (Rashidi et al., 2020). The increase in salt irrigation from 1000 to
5000 mg L' resulted in decreased total chlorophylls and carotene
content. The maximum reduction was observed in 5000 mg L7! in
flowers marigold compared to control. Among different foliar applica-
tion concentrations, 400 mg L ™! Cs is the best concentration to improve
the chlorophyll and carotene content by arresting salinity stress (Abdel-
Mola & Ayyat, 2020). In tomato, foliar application of Cs alone or in
combination with salt stress affects chlorophyll content significantly.
The chlorophyll content was substantially reduced with increasing
salinity levels. However, when 150 mg L™! Cs was treated under 2922,
5844 and 8766 mg L' of salinity stress showed dose dependent
decrease in chlorophyll content (higher the salt stress, lower the chlo-
rophyll content) (Ullah et al., 2020). In Arabian lilac, there was also a
similar trend recorded as tomato. During increase in salinity stress from
1000, 2500, 5000 mg L~! under 30, 60 and 90 mg L! Cs treatments
reduction in chlorophyll content was recorded in a dose dependent
decrease manner. Whereas when Cs alone were treated to arabian lilac
plants, the chlorophyll content was increased with increased concen-
tration of Cs treatment compared to salt stressed and control plants
(Ashour et al., 2020), indicating that Cs acts as an elicitor to increase
chlorophyll content in plants.

In stevia, Cs directly sprayed on seedlings with unique concentra-
tions of 200, 400, and 600 mg L~! and under 2922, 5844 and 8766 mg
L! of salinity stress reversed chlorophyll, and MDA content but acti-
vates antioxidant enzyme activity and increased stevia glycosides.
Therefore, Cs increased adaptive factors in stevia plant to tolerate NaCl
stress (Gerami et al., 2020). Two wheat cultivers namely Sakha 94*, and
Gemmieza 9* were soaked with 10 and 20 mg L™! concentrations of Cs
for 12 h and sowed in saline soil. Both Cs concentrations showed sig-
nificant increase in chl a and b, carotenoids, and total pigments in saline
condition. Compared to 10 mg L™ Cs, 20 mg L™! Cs treatment showed a
significant increase in chl a and b, carotenoids, and total pigments
indicating that high concentration of Cs could effectively combat salt
stress in wheat plants (Abdallah et al., 2020). The soaking with different
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concentrations of 25, 50, and 75 mg L ™! Cs vs 4000 and 8000 mg L ~! salt
stress were compared, and photosynthetic pigments were evaluated in
sunflower plants. Compared to all Cs and salt concentrations tested
individually, 50 mg L™ Cs and 4000 mg L~! salt stress showed signifi-
cant increase in photosynthetic pigments such as chl a, b, and caroten-
oids compared to all other treatments (Bakhoum et al., 2020).

When the salinity stress is increased to 6400 and 9600 mg L1,
decrease in chl a, b and total chlorophyll contents were noticed in milk
thistle plants. Conversely, 0.1 mg L' Cs application in soil showed
increased trends in chl a, and total chlorophyll content, and maximum
content of chl b was recorded in 0.5 mg L™! of Cs treated milk thistle
plants. These results confirmed that a lower concentration of 0.1 mg L™}
Cs increased chl a/ total chlorophyll whereas chl b was increased at 0.5
mg L~! which is the highest concentration of Cs treatments (Safikhan &
Chaichi, 2021). However, this study didn’t monitor the combined effect
of salinity stress and Cs treatment on photosynthetic pigments, and
therefore, future studies are warranted.

The changes in chl content, net photosynthesis rate (Pn), photo-
chemical efficiency (Fv/Fm), and performance index on absorption basis
(PIABS) in leaves of creeping grass were studied under 100, 200, 500,
1000 and 2000 mg L~} of Cs and 5844, 8766, 11,688 mg L ! salt stress
treatment. When creeping grass is subjected to salt stress alone, there
was a significant decline in chlorophyll content, Pn, Fv/Fm, and PIABS.
Applying salt stress to Cs pre-treated seedlings alleviated the negative
effects caused by salt stress by increasing chl a, chl b, total chl contents
of leaves, and Pn compared to untreated plants at 12 or 24 d of salt
stress. Interestingly, Fv/Fm and PIABS were not affected by Cs at 12, 24
d of normal condition but showed a significant increase of both pa-
rameters under Cs treatment at 12, 24 d of salt stress (Geng et al., 2020).
This study suggests that creeping grass was sensitive to salt stress, but Cs
application under salt stress improved tolerance to creeping grass by
increasing chl, Pn and (Fv/Fm).

The photosynthetic response of tomato plant was monitored after
treating Cs-immobilized aggregated M. oryzae CBMB20 (T5) and Cs-
immobilized non-aggregated M. oryzae CBMB20 (T6) under salt stress
treatments. The results showed that both T5 and T6 showed significant
accumulation of chlorophyll and carotenoid content compared to plants
inoculated with liquid formulation, control plants under normal and salt
stress conditions (Chanratana et al., 2019). The effect of 200 mg Lcs
on chl content was evaluated in sweet basil subjected to 1461, 2922,
5844, and 8766 mg L~! salinity stress. The application of 400 and 600
mg L1 Cs under 2922 mg L™! NaCl resulted in significant increase of chl
a, b and total chl contents. However, 400 mg L™! Cs exhibited highest
amount of all chl contents under 5844 mg L' NaCl treatments. Among
chl b and total chl, chl a increased during 400 mg L™ Cs and 8766 mg
L~! NaCl treatment. Surprisingly 200 mg L' Cs didn’t show significant
increase in all photosynthetic contents in all levels of NaCl treatment
(Gerami et al., 2020) indicating that low concentration of Cs didn’t show
any positive effect on chlorophyll contents under salinity stress in sweet
basil plants.

4.2. CsNPs/modified CsBMs treatment on photosynthesis

CsBMs are non-toxic in nature and they are used to fight off salt stress
in plants by enhancing plant growth stimulators and secondary metab-
olites (Hernandez-Hernandez, Juarez-Maldonado, et al., 2018; Safikhan
et al., 2018). Catharanthus roseus plants were exposed to 18,766 mg L™
NaCl treatment and 10 mg L™! CsNPs concentration by foliar spray
method exhibited reduction in chlorophyll and activated antioxidant
enzymes such as CAT, APX, and glutathione reductase (GR). Accord-
ingly, Cs-NPs eased the oxidative pressure by lowering MDA and Hy04
levels, membrane function retention, and thus improving salt resilience
(Hassan et al., 2021). Under soil salinity stress, photosystem Il maximum
quantum yield and relative electron transport rates are negatively
affected indicating that photosynthesis are compromised under salt
stress. The use of nitric oxide have shown to improve plant growth and
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0% >200%
Shoot FW (%)
Total chlorophyll (%)
NaCl Concentrations
Chi (Cs), Chi particles (CsNPs) and modified CsBMs
Chitosan (Cs) 0.001-0.0025% 0.0025%-0.1%  0.1-0.5% 0.5-1% >10%

Helianthus annus L., 4000 mg/L (Bakhoum et al., 2020)

Helianthus annus L., 4000 mg/L (Bakhoum et al., 2020)

Helianthus annus L., 8000 mg/L (Bakhoum et al., 2020)

Helianthus annus L., 8000 mg/L (Bakhoum et al., 2020)

Vitex trifoliapurpurea, 1000 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 1000 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 1000 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 2500 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 2500 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 2500 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 5000 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 5000 ppm (Ashour et al., 2020)

Vitex trifoliapurpurea, 5000 ppm (Ashour et al., 2020)

Lycopersicum esculentum , 50 mM (Ullah et al., 2020)

Lycopersicum esculentum , 50 mM (Ullah et al., 2020)

Lycopersicum esculentum , 50 mM (Ullah et al., 2020)

Lycopersicum esculentum , 100 mM (Ullah et al., 2020)

Lycopersicum esculentum , 100 mM (Ullah et al., 2020)

Lycopersicum esculentum , 100 mM (Ullah et al., 2020)

Lycopersicum esculentum , 150 mM (Ullah et al., 2020)

Lycopersicum esculentum , 150 mM (Ullah et al., 2020)

Lycopersicum esculentum , 150 mM (Ullah et al., 2020)

Cadlendula officinalis L. 1000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 1000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 1000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 2000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 2000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 2000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 3000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 3000 ppm (Abdel-Mola & Ayyat, 2020)
Cadlendula officinalis L. 3000 ppm (Abdel-Mola & Ayyat, 2020)

Stevia rebaudiana Bertoni 50 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 50 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 50 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 100 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 100 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 100 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 150 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 150 mM (Gerami et al., 2020)

Stevia rebaudiana Bertoni 150 mM (Gerami et al., 2020)

Ocimum basilicum L . 25 mM (Rashidi et al., 2020)

Ocimum basilicum L . 50 mM (Rashidi et al., 2020)

Ocimum basilicum L . 100 mM (Rashidi et al., 2020)

Rosmarinus officinalis L. Mild salinity, EC 0.53 ds/m (Helaly et al., 2018)
Rosmarinus officinalis L. Severe salinity, EC 0.56 ds/m (Helaly et al., 2018)
Ocimum basilicum L . 150 mM (Rashidi et al., 2020)

Solanum lycopersicum, 50 mM (Chanratana et al., 2019)

Solanum lycopersicum, 100 mM (Chanratana et al., 2019)
Chitosan+immobilized aggregated M. oryzae CBMB20

Solanum lycopersicum, 50 mM (Chanratana et al., 2019)

Solanum lycopersicum, 100 mM (Chanratana et al., 2019)
Chitosan+immobilized non-aggregated M. oryzae CBMB20

Solanum lycopersicum, 50 mM (Chanratana et al., 2019)

Solanum lycopersicum, 100 mM (Chanratana et al., 2019)

Chitosan nanoparticles/modified CsBMs (CsNPs/CsBMs)

Momordica charantia 50 mM (Sheikhalipour et al., 2021)

Momordica charantia 50 mM (Sheikhalipour et al., 2021)

Momordica charantia 100 mM (Sheikhalipour et al., 2021)

Momordica charantia 100 mM (Sheikhalipour et al., 2021)

Phaseolus vulgaris , 100 mM (Zayed et al., 2017)

Phaseolus vulgaris , 100 mM (Zayed et al., 2017)

Phaseolus vulgaris , 100 mM (Zayed et al., 2017)

Catharanthus roseus (L.) G. Don, no salt, vegetative stage (Hassan et al., 2021)
Catharanthus roseus (L.) G. Don, 150 mM, vegetative stage (Hassan et al., 2021)
Catharanthus roseus (L.) G. Don, no salt, flowering stage (Hassan et al., 2021)
Catharanthus roseus (L.) G. Don, 150 mM, flowering stage (Hassan et al., 2021)
Vigna radiata, 4 dS/m (Sen et al., 2020)

Vigna radiata, 4 dS/m (Sen et al., 2020)

Vigna radiata, 8 dS/m (Sen et al., 2020) -
Vigna radiata, 8 dS/m (Sen et al., 2020)

Silybum marianum (L.) Gaertn , 50 mM (Mosavikia et al., 2020) ]
Silybum marianum (L.) Gaertn , 50 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 50 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 100 mM (Mosavikia et al., 2020) _
Silybum marianum (L.) Gaertn , 100 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 100 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 150 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 150 mM (Mosavikia et al., 2020)

Silybum marianum (L.) Gaertn , 150 mM (Mosavikia et al., 2020)

Fig. 2. Impact of different concentrations of Cs/CsBMs on total chlorophyll and shoot FW (%) under salinity conditions. The higher concentration of Cs could
enhance chlorophyll biosynthesis, as shown in Solanum lycopersicum but still, the effect of Cs concentration is species-and salt stress specific as shown by Vigna radiata.
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Table 4
Optimum concentration of Cs/CsNPs/ modified CsBMs and their biological effect in plants under salinity stress.
Botanical name = Common Parts Chitosan (Cs)/ Salt conc. Optimum Optimum Effect References
name treated CsNPs/modified Tested conc. of Salt conc.
CsBMs tested Chitosan-Cs/
CsBMs
Chitosan (Cs)
Helianthus Sunflower Seeds 25, 50 and 75 4000 and 50 mg L~} 4000 mg L} Highest shoot length, stem (Bakhoum et al.,
annus L. mgL~! 8000 mg L~! circumference fresh weightanddry ~ 2020)
weight
Zea mays cv. Maize Seedlings 10 mg L™* 5844mgL™' 10mgL~! 5844 mg L~! Maximum AOX 1 transcript level (Turk, 2019)
Arifiye recorded, Decreased superoxide
anion, H202 and lipid peroxidation
Silybum Milk thistle ~ Plant 0.01, 0.05 & 0.1 2560, 6400, 0.1 and 0.5 9600 mg L~! Highest plant height, higher (Safikhan et al.,
marianum mg L~} 9600mgL™! mgL~! biomass, highest peroxidase 2018)
(L.) Gaertn activity, low H202 accumulation
Carthamus Safflower Callus 25 & 50 mg L™} 15mgL™* 25 mg L™! 15 mg L™! Highest content of total phenolics (Golkar et al.,
tinctorius (L.) and total flavonoids 2019)
Lycopersicon Tomato Plant 50, 100, & 50 2922, 5844 150 mg L} 8766 mg L} Maximum plant height, average (Ullah et al., 2020)
esculentum mgL~! and 8766 number of compound leaves, leaf
mg Lt area, stem diameter, number of
fruits plant, fruit firmness, leaf
chlorophyll content, total soluble
solids and yield plant with
minimum fruit juice pH
Vitex trifolia- Arabian Plant 30, 60, 90 mg 1000, 2500 60 and 90 1000-5000 Increased plant growth parameters, (Ashour et al.,
Purpurea Lilac Lt & 5000 mg mg L~! mg L7! chlorophyll content, 2020)
Lt carbohydrates, decreased phenol
and Na + and CI- ions
Helianthus Sunflower Seed 2.5,5and 7.5 2176, 4880, 2.5-5mgL~! With Increased germination rate (Jabeen & Ahmad,
annus L. mg L1 6880, 8640 increasing 2013)
mg L! salt stress
Carthamus Safflower Seed 2.5,5.0 and 7.5 2176, 4880, 2.5-7.5 mg All salinity Decreased proline (Jabeen & Ahmad,
tinctorius L. mgL~! 6880, 8640 Lt levels Decreased catalase 2013)
mg L} 2.5mg L} All salinity Increased MDA
7.5mg L} levels Increased protein
2.5mg L} 8640 mg L ™! Increased germination rate
2.5-5.0 mg All salinity
L levels
With
increasing
salt stress
Triticum Wheat Seed 250, 500 and 2922, 5844, 250, 500 and 2922 mg L 1 Increased shoot and root length (Peykani & Sepehr,
aestivum L. 750 mg L 8766 and 750 mg L 11,688 mg Increased catalase, proline, and 2019)
11,688 mg 250 mg L1 Lt MDA
Lt 750 mg L1 11,688 mg Decreased proline
L1
Zea maize L. Maize Seed 250, 500 and 2922, 5844, 250, 500 mg 2922 mg Lt Increased shoot length (Peykani & Sepehr,
750 mg L~! 8766 and L 2922 mg L} Increased root length 2019)
11,688 mg 750 mg L1 2922 mg Increased seedling weight
! 500 mg L™! L' Increased catalase, proline, and
250 mg L1 11,688 mg MDA
750 mg L1 Lt Decreased proline
11,688 mg
Lt
Vigna radiata Mung bean  Seed 1,2 and 5 mg 2560, 4800, 2mg L7} 4800 mg L! Improved germination index, (Sen & Mandal,
Lt 6400 and coefficient of velocity, shoot and 2016)
9600 mg L~! root length, maximum threshold
level of shoot phytotoxicity
Solanum Tomato Seed 15mg L} 2922 and 15mgL~! 2922 mg L~} Increased plant dry weight, low (Chanratana, Joe,
Lycopersicum chitosan 5844 mg L~} 5844 mg L} amount of electrolyte leakage, Anandham, et al.,
Mill. immobilized increased CAT activity, improved 2019)
with bacterium nitrogen uptake
Increased SOD, CAT, GR activity,
increased nitrogen uptake
Calendula Marigold Seedlings 100, 200 & 400 1000, 2000, 400 mg L1 1000-5000 Significant augmentation in all (Abdel-Mola &
officinalis L. mg L~! 3000, 4000 mg L~! vegetative parameters, higher Ayyat, 2020)
& 5000 mg increase of plant height, highest
L value of total chlorophylls, lowest
value of proline, sodium, and
chloride (400 mg L™Y). Highest
mean values of free proline
content, decrease in total
chlorophyll and carotene, highest
value of chlorine and sodium
contents (5000 mg L! salt)
T. aestivum Wheat - - -

(continued on next page)
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Botanical name = Common Parts Chitosan (Cs)/ Salt conc. Optimum Optimum Effect References
name treated CsNPs/modified Tested conc. of Salt conc.
CsBMs tested Chitosan-Cs/
CsBMs
10 and 20 mg 10 and 20 Enhanced growth parameters, (Abdallah et al.,
Lt mg L~! increased photosynthetic pigments, ~ 2020)
10 mg L1 maximum increase in proline and
20 mg L free amino acid, decreased MDA
content, increased carbohydrates
and protein content (10 and 20 mg
LY
Increased CAT and POX activities
Increased SOD activities, increased
antioxidant compounds, increasing
N, P and K contents
Rosmarinus Rosemary Termina 250 & 500 mg 2922 and 250 mg L™! 2922 mg L7! Enhanced growth parameters (Helaly et al.,
officnalis L. cuttings Lt 5844 mg L~} 2018)
Ocimum Sweet basil Seedling 200 mg L 1 1461, 2922, 200 mg L 1 8766 mg L 1 Increased shoot fresh weight, leaf (Rashidi et al.,
basilicum L. 5844 and area, chlorophyll, decreased total 2020)
8766 mg L™} phenol, expression of PAL gene
Solanum Tomato Plant 1g 5944mgL™! 1g 5944 mg L} Increased plant height, stem (Hernandez-
Lycopersicum diameter, elevated expression of Hernandez,
Mill. SOD and JA genes, activates Gonzalez-Morales,
antioxidant defense mechanisms et al., 2018)
Triticum Wheat Seedling Cs-0.625mgL~'  8766mgL~' 0.625mgL~' 8766 mgL !  Increasing shoot length, root (Ma et al., 2011)
aestivum L. length, dry weight, chlorophyll
content, increased SOD, CAT, POD
and reduced MDA content
Lens culinaris Lentil Seed 1000, 3000 and 2922, 5844, 3000 mg L~! - Highest germination percentage, (Al-Tawaha & Al-
6000 mg L™! 11,688 and improved seedling length, Ghzawi, 2013)
17,352 mg increased hypocotyl length
L1
Stevia Stevia Seed 200, 400 and 2922, 5844 400 and 600 2922-8766 High carotenoid content, Increased (Gerami et al.,
rebaudiana 600 mg L~! and 8766 mg L~! mg L7! chlorophyll a, enhancement of 2020)
Bertoni mgL! protein content, elevated CAT and
POX activity, highest amount of
stevioside
and rebaudioside A, lower MDA
content
Zea mays cv. Maize Seedlings 1mgL™! 5844mgL™! 1mgL™! 5844 mg L~} Enhanced plant growth, increased (Turk, 2019)
total respiration rate, cytochrome
pathway, alternative respiration
and enhanced antioxidant
activities
Chitosan nanoparticles (CsNPs) and modified chitosan biomaterials (CsBMs)
Zea mays L. Maize Seed 2.92 and 5.84 17,532 mg 2.92 and 17,532 mg Higher leaf S-nitroso thiol content, (Oliveira et al.,
mgL~! ! 5.84mgL~! Lt prevented salt induced effects on 2016)
photosynthetic pigments,
prevented negative effects of
salinity on fresh and dry weight of
root
Silybum Milk thistle ~ Seed 2.5,5and 10 mg 2922, 5844 2.5mg L} 5844 mg L~} Improved physiological traits, (Mosavikia et al.,
marianum Lt and 8766 10 mg L7t 8766 mg L} largest germination rate 2020)
(L.) Gaertn. mgL 1 Increased proline content, CAT and
SOD
Vigna radiata Mung bean  Seed 2mgL7! 2560 and 2mg L} 6400 mg L~} Decreased chlorophyll, increased (Sen et al., 2020)
6400 mg Lt protein content, increased proline,
highest SOD, PPO, decreased POD,
reduction of MDA and H202
content
Phaseolus Bean Seed 1,2 and 3 mg 292x1073, 3mgL’ 5.84 x 107> Highest percentage of salt (Zayed et al., 2017)
vulgaris L. L 5.84 x 1072 mgL~! tolerance index, increased leaf
and 8.76 x area, increased fresh and dry
10 3 mgL! weight of shoot and root, increased
relative water index, chlorophyll
content, PPO and POD
Catharanthus Periwinkle  Plant 10mg L™ 8766 mgL™! 10mgL~’ 8766 mg L™ Increased chlorophyll, antioxidant ~ (Hassan et al.,
roseus (L.) G. enzymes activities, reduced MDA 2021)
Don and H202, higher alkaloid
accumulation, elevated expressions
of MAPK3, GS and ORAC3 genes
Momordica Bitter Seed 10 and 20 mg 2922 and 20 mg L7} 2922 and Increased plant growth, improved (Sheikhalipour
charantia melon Lt 5844 mg L 5844 mg Lt relative water content, increased et al., 2021)

10

antioxidant enzyme activity,
increased proline concentration,
increased K", increased

(continued on next page)
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Salt conc.
Tested

Parts
treated

Common
name

Botanical name Chitosan (Cs)/
CsNPs/modified

CsBMs tested

Optimum
conc. of
Chitosan-Cs/

Optimum Effect References

Salt conc.

CsBMs

chlorophyll and carotenoid
content, decreased MDA, H202
and Na™

Abbreviations: CVOMT- Chavicol O-methyltransferase, SOD-Superoxide dismutase, CAT- Catalase, GPX- Glutathione peroxidase, MDA- Malondialdehyde, JA-
Jasmonic acid, POX- Peroxidase, SOD-superoxide dismutase, CAT- catalase, GPX- glutathione peroxidase, MDA- malondialdehyde, APX- ascorbic acid, PPO-
polyphenol oxidase, POD-peroxidase, GS- geissoschizine synthase, MAPK3- mitogen-activated protein kinase 3, ORAC3- terpene indole alkaloid transcription factor.

development, plant response to abiotic stress especially salt stress by
activating nitric acid related genes and proteins, inducing antioxidant
systems, chlorophyll biosynthesis, photosynthesis etc.,(Ahmad et al.,
2016; Delledonne, Xia, Dixon, & Lamb, 1998; Simontacchi, Galatro,
Ramos-Artuso, & Santa-Maria, 2015). Salt stressed seedlings supple-
mented with nitric oxide-releasing CsNPs containing 85.28 mg L™! S-
nitroso-MSA-CsNPs did not significantly alter photosystem II maximum
quantum yield and relative electron transport rate, chlorophyll contents
compared to control stressed plants. However, 170.57 mg L™ concen-
tration of S-nitroso-MSA-CsNPs, both free and encapsulated S-nitroso-
MSA prevented negative effects of maize plants under salinity stress on
photosynthetic parameters and chl content. Although this research
didn’t study whether the allievation of salt stress is solely dependent on
the active component or due to the synergistic role. Further research are
warrentied to prove this effect.

In bitter melon, severe salinity stress declined the amount of chl a
and b, total chl, and carotenoids. However, under saline conditions of
2922 mg L' and 5844 mg L', 20 mg L' of CsNPs significantly
increased chl a and chl b, total chl, carotenoid compared to control
plants sprayed with NPs alone. Later, application of 20 mg L ™! Cs-SeNPs
treated plants using foliar spray increased chl a, chl b, total chl, and
carotenoid content. Moreover, severe salinity decreased Pn by 24.37%
compared to non-saline conditions. Treatment of 20 mg L™" of Cs-SeNPs
increased Pn even in non-saline condition indicating that Cs-SeNPs
showed positive effect even under non saline condition. Whereas,
plants treated with 2922 mg L-1 and 5844 mg L-1 NaCl, and 20 mg L-1
Cs-SeNPs indicate that Cs-SeNPs can reverse negative effects caused by
salinity stress of bitter melon plants (Sheikhalipour et al., 2021). The
salinity stress of 2560 and 6400 mg L' decreased the chl and carot-
enoids contents of mung bean plants. However, application of CsNPs
using solid matrix priming (SMP) increased in total chl content relative
to control plants under salinity stress. As expected compared to Cs,
CsNPs showed slightly increased chl and carotenoid contents in both
saline and non-saline conditions (Sen & Mandal, 2016) indicating that
CsNPs are readily available for the plants compared to Cs alone. In tested
concentration, salinity stress of milk thistle plants decreased photosyn-
thetic pigments chl a, b and total chl. The increased photosynthetic
pigments were recorded in the absence of salt stress and by 10 mg L™*
CsNPs priming treatment and decreased pigments were found upon non-
application of CsNPs under 8766 mg L~! NaCl treatment. Additionally,
there was a dose-dependent decrease in photosynthetic pigments when
there is an increase in salinity stress in the absence of CsNPs treatment
(Mosavikia et al., 2020). The sunflower seeds were soaked in different
concentrations of Cs 25, 50 and 75 mg L~ and seeded under exceptional
salt levels of 4000 and 8000 mg L™}, fundamentally upgraded photo-
synthetic pigments contents. Particularly, seeds treated with 50 mg L™?
Cs under 4000 mg L™ salinity level recorded the most important growth
factors, photosynthetic pigments, and IAA (Bakhoum et al., 2020).

In summary, both Cs and CsBMs application through soaking and
pre-treatment of seedlings increased physiological parameters such as
total chl, chl a and chl b, and carotenoids under salinity stress (Fig. 2,
Table 4). Whereas foliar spray and the direct spray of Cs/CsBMs reduced
physiological parameters under salinity stress indicating that soaking
and pre-treated method is advantageous over foliar spray and direct
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spray to the soil. Further, CsNPs tend to be easily uptaken by plants as Cs
in nano-form showed increased bioavailability and thus reflected
increased chl and carotenoid content compared to that of Cs itself.

5. Effect of Cs/CsNPs/ modified CsBMs on primary metabolites
under salinity stress

5.1. Cs treatment increases aminoacids responsible for osmotic regulation

Cs induced significant differences in amino acids of various plants
including safflower, maize, and Triticum aestivum seedlings under
stressed and non-stressed conditions (Jabeen & Ahmad, 2013; Peykani &
Sepehr, 2019). Besides osmotic regulation, proline has many differential
roles such as enzyme protection and increased membrane stability (Babu
& Devaraj, 2008). The increase of proline, an amino acid, can modulate
the negative effects of salinity stress and increase tolerance to salt stress.
The role of Cs and its positive impact was studied in milk thistle plant in
a pot experiment with different concentration of Cs 0.01, 0.05, and 0.1%
(DW/DW) by blending in with dry soil and salt stress. During salt stress
of 2560, 6400, and 9600 mg L™}, Cs treatment, decreased adverse effects
recorded by measurement of physiological attributes. The increase of
soluble sugars and proline was accomplished by Cs application across all
salt stress levels. Similarly, plants treated with Cs alone also showed
increased proline content. Interestingly a synergistic effect on proline
content was seen under salt stress and Cs application. The highest level
of proline was accumulated in plants grown under 9600 mg L™ salt
stress and 10 mg L~! Cs treatment (Safikhan et al., 2018).

Like salt stress and Cs application synergistic effect, treatment of 400
ul L~ Cs increased proline content in thyme plants grown under drought
stress (Emami Bistgani, Siadat, Bakhshandeh, Ghasemi Pirbalouti, &
Hashemi, 2017). Salt stress 5844 mg L ™! for 4 days, 8766 mg L™ for 4
days, and 11,688 mg L.~! for 16 days increased total amino acids content
(TAA), free proline, and glutamic acid, except GABA. Nevertheless, 500
mg L7 Cs application showed 19.84% increased of TAA, 6.79%
increased of glutamic acid, and 29.48% increased of GABA, compared to
untreated plants under salt stress (Geng et al., 2020) indicating that
amino acids play crucial role in the osmotic adjustment and energy
metabolism. 500 mg L™! Cs application under salt stress decreased free
proline content in creeping bent grass indicating that Cs alleviated the
increase of proline due to salt stress and decreased stress damage caused
by salt stress (Geng et al., 2020). Triticum aestivum L. and Zea mays L.
plants are delicate to salinity stress that has been a significant issue
among farmers today. Seeds of these plants were covered with 250, 500
and 750 mg L ™! Gs solutions before they were planted and subjected to
2922-, 5844-, 8766-, and 11,688 mg L~ salinity for 7 days. Salinity
stress at 11688 mg L ! highly accumulated proline content of wheat and
maize plants, and 750 mg L™} Cs at higher concentration decreased
proline accumulation. However, 250 mg L! Cs, 11,688 mg L! NacCl,
and no Cs treatment under 11,688 mg L~ increased proline content
(Peykani & Sepehr, 2019), indicating the dependency effect on the
fluctuation of proline upon the differences in salt and Cs concentration.
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5.2. Regulation of proline content by CsNPs/modified CsBMs treatment

The treatment of nanoparticles (SiO) improves proline accumula-
tion under salinity stress in Curcurbita pepo L (Siddiqui, Al-Whaibi,
Faisal, & Al Sahli, 2014). Although exact mechanism of SiO, involve-
ment is poorly understood, it is thought that SiOoNPs were involved in
maintaining critical physiological and biochemical attributes under
stress condition. When P. vulgaris were treated with 1, 2, and 3 mg L™! of
CsNPs under 5844 mg L~! salt stress, 1 mg L™ of CsNPs increased
proline content up to 287.63% whereas CsNPs at 2 mg L ™! and 3 mg L™}
under 5844 mg L~ ! salt stress decreased proline content to 117.34% and
158.46%, indicating that low concentration of CsNPs is crucial for
mitigating salt tolerance (Zayed et al., 2017). This study proves that
increase of proline can overcome salt stress. Mung bean seedlings
treated with Cs and CsNPs under salt stress (2560 dan 6400 mg L
showed a considerable increase in proline content, but it was more
pronounced under CsNPs treatment than unprimed and salt treated
seedlings (6400 mg L™1). The proline content was highly accumulated
under higher salinity 6400 mg L~! and CsNPs treatment than non-
treated control and hydro-primed seedlings. However, there was an
increasing trend in the accumulation of proline content in CsNPs un-
treated seedlings but it was lesser than CsNPs treated seedlings under
high salinity, indicating that CsNPs under higher salinity increased
proline content confers increased tolerance to hyper osmotic stress (Sen
et al., 2020). Seed priming technique was adapted to treat 2.5, 5, and 10
mg L~ CsNPs onto milk thistle seedlings under salinity stress. The
interaction between salinity stress and CsNPs priming showed signifi-
cant increase in free proline content under all concentrations of CsNPs
treatment compared to control (no salt and no CsNPs) plants. Specif-
ically, when 10 mg L™ CsNPs treated to plants exposed to 8766 mg L™}
NaCl showed higher free proline accumulation, which is 286%
compared to control plants (Mosavikia et al., 2020). Proline, accumu-
lation was increased by 38.61% under salinity condition in bitter melon.
Interestingly 20 mg L~ Cs-SeNPs treatment resulted in further increase
in free proline accumulation in all groups: 12.3% increased on no salt
treated plants, 10.08% increased on 2922 mg L~! of NaCl and 8.86%
increased on 5844 mg L' NaCl, compared to control (Sheikhalipour
et al., 2021). Despite of osmolytes function, proline can give enzyme
protection and increase membrane stability under various stress condi-
tion (Abdallah et al., 2020; Zayed et al., 2017).

In summary, high concentration of Cs (50, 250, and 750 mg L™1)
under salinity stress showed decreased proline accumulation whereas,
CsNPs at low concentrations (0.02, 1, 2, 2.5, 3, 5, and 10 mg L~! con-
centrations) increased proline accumulation under salt stress indicating
that both Cs/CsNPs combat salinity stress by regulating proline contents
in the opposite ways to improve salt tolerance in plants. Moreover,
proline content was significantly higher in CsNPs treated plants
compared to Cs alone treated mung bean plants under salinity stress.
These results indicate that treatment of CsNPs is preferred over Cs to
regulate proline and improve salt tolerance in various plants by pre-
venting salt induced deleterious effect. On the other hand, when
creeping bent grass treated with 500 mg L' Cs showed increased total
amino acids, glutamic acids, and GABA content under salinity stress.
However, this is the only one study that investigated other amino acids
than proline, thus more studies are warranted in this direction.

6. Effect of modified Cs/CsNPs under salinity stress
6.1. Cs-PVA and CuNPs increases enzymatic defense mechanism

Several studies have shown to improve growth and increase in sec-
ondary metabolites of plants when chitosan poly-vinyl hydrogel (Cs-
PVA) and copper nanoparticles (CuNPs) combined (Hernandez-Fuentes
et al., 2017; Hernandez-Hernandez, Gonzalez-Morales, et al., 2018;
Juarez-Maldonado, Ortega-Ortiz, Pérez-Labrada, Cadenas-Pliego, &
Benavides-Mendoza, 2016; Pinedo-Guerrero et al., 2017). Cs-PVA +
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CuNPs treatment improved the salinity stress by increasing the content
of phenols, p-carotene, vitamin C, and lycopene contents. Similarly, Cs-
PVA-+CuNPs increased the defense gene expression, enzyme activity of
superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase
(APX), glutathione peroxidase (GPX) and phenylalanine amino lyase
(PAL) under salinity stress (Hernandez, Benavides-Mendoza, Ortega-
Ortiz, Hernandez-Fuentes, & Juarez-Maldonado, 2017; Hernandez-
Fuentes et al., 2017; Hernandez-Hernandez, Gonzalez-Morales, et al.,
2018; Hernandez-Hernandez, Juarez-Maldonado, et al., 2018). Appli-
cation of Cs hydrogel along with CuNPs improved tomato growth and
quality compared to Cs hydrogel or CuNPs treatment (Juarez-Maldo-
nado et al., 2016). Cs-PVA and CuNPs absorbed on Cs-PVA showed
different biochemical response under salinity stress. Cs-PVA alone
treated tomato plants under salinity stress increased growth, chlorophyll
a, b, total chlorophyll, carotenoids, and SOD. The combined treatment of
Cs-PVA and CuNPs increased enzymatic defense mechanism in plants
(Hernandez-Hernandez, Gonzalez-Morales, et al., 2018). From this
study, it can be concluded that Cs-PVA and Cs-PVA + CuNPs can exhibit
totally different functions and therefore, choice of the material should
depend upon the purpose of study.

6.2. Cs-based SeNPs improves plant growth

A functionalized synthesis of Cs-based Se nanomaterials prevents the
potential harmful effects on plants and consumers of plant products. The
CsNPs used for encapsulation and delivering bioactive components act
as a shield and prevent the damage of biomolecules from temperature,
light, and pH. Therefore, it has a potential interest in the use of agri-
culture (Mujtaba et al., 2020). Foliar application of 10 mg L™* Cs-SeNPs
is effective for increasing the essential oil content under salinity stress
whereas higher concentration of 20 mg L~* Cs-SeNPs increased vitamin
C and K level in tomato plants under 2922- and 5844 mg L™ salt stress
and it decreased Na level by 21.28% and 20.29% under 2922- and 5844
mg L1 salt stress (Sheikhalipour et al., 2021). However, the effect was
more pronounced and highly favored during salt stress conditions
indicating that Cs-SeNPs effectively combat salt stress and improve plant
performance under salinity stress.

6.3. MSA encapsulated CsNPs for sustain release of NO

NO is a signaling molecule engaged with plant reactions to different
abiotic stresses. Due to its instability, it cannot be used as a potential
application in agriculture (Oliveira et al., 2016). For the sustained
release of this signaling molecule in plants, CsNPs are used. Through the
ionic gelation process, NO donor was encapsulated within CsNPs to form
S-nitro-MSA-CsNPs. The encapsulated NO donor CsNPs showed higher
leaf S-nitrosothiols content (an indicator of NO bioavailability) in salt-
stressed maize plants than free MSA. Soil salinity stimulated leaf chlo-
rosis, anthocyanin accumulation and necrosis. At the same time, MSA
encapsulated CsNPs reversed all the detrimental effects such as photo-
system II activity, chlorophyll content, growth of maize plants and NO
bioactivity in salt stressed maize plants (Oliveira et al., 2016). Alto-
gether, CsNPs combined with NO signaling molecule improved plant
growth parameters under salt stress. Few studies have been studied this
area and more studies are warrantied in the future.

6.4. Cs-immobilized with Methylobacterium oryzae improved salt stress

The application of plant growth promoting bacteria as bioinoculant
to alleviate salt stress is defendable and eco-friendly strategy in the field
of agriculture. The use of Cs-immobilized aggregated M. oryzae CBMB20
as a bioinoculant improved tomato plant performance by improving
plant dry weight, nutrient uptake (N, P, K and Mg?"), photosynthetic
efficiency, and decreased electrolyte leakage under salt stress.
Compared to Cs-immobilized non-aggregated M. oryzae CBMB20 strain,
Cs-immobilized aggregated M. oryzae CBMB20 elevated salt stress
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tolerance, increased antioxidant enzymes, enhanced proline content,
decreased Na™ influx into plant cells, and thus decreasing Na+-/K+ ratio
under saline conditions (Chanratana, Joe, Roy Choudhury, et al., 2019).
Therefore Cs can be efficiently used as a carrier material to promote
plant growth under salt stress.

7. Exogenous/endogenous elicitors upon Cs/CsNPs treatment
under salinity stress

7.1. Effects of Cs and SA under salt stress

Various research works reported the potential effects of SA in the
growth of plants under salinity stress (Abdallah et al., 2020; Golkar
et al., 2019). The endogenous plant bioregulator SA was combined with
Cs to study the alleviating effects of salinity stress in wheat cultivars. To
study the salt tolerance effect, two wheat cultivars (Triticum aestivum L.)
namely Sakha 94 and Gemmieza 9 were grown in saline soil for 75 days
treated with 10 and 20 mg L™ Cs and 25 and 50 mg L ! SA individually
using seed priming and spraying methods, resulted in increased physi-
ological characteristics (plant height, leaves number, tiller, tiller fresh
and dry weight, water content), photosynthetic pigments (chl a, chl b,
carotenoids and total pigments), and osmoprotectant substances (total
soluble sugars (TSS), proline and free amino acids) in both wheat cul-
tivars compared to the control plants. Furthermore, Cs or SA treatment
decreased MDA and increased antioxidant enzymes in both the cultivars.
However, the Cs treatment (20 mg L’l) showed the highest decrease in
the accumulation of MDA content and increase of POX and CAT enzymes
compared to both concentrations of SA treatment of Sakha 94 cultivars
and control plants, suggesting the use of Cs over SA to alleviate salt stress
by activating antioxidant enzymes. On the other hand, Gemmieza cul-
tivars highly decreased MDA content at SA 50 mg L™! treated plants and
increased antioxidant enzymes such as POX and CAT, specifying the
unique role of SA to activate antioxidants and downregulate MDA
content. This study suggests that Cs is highly effective in Sakha 94 cul-
tivers than Gemmieza 9 cultivars. Seed priming of Cs or SA improvised
yield parameters in saline stressed wheat cultivars compared to control
plants. When Sakha 94 treated with 25 mg L™ SA resulted in increased
plant height, number of leaves per tiller, water content whereas, 50 mg
L~! SA increased tiller fresh weight, tiller dry weight, root fresh weight,
root dry weight compared to control and Cs treatments. Furthermore,
Gemmeiza 9 wheat cultivar treated with 20 mg L' Cs showed increase
in water content, and 25 mg L~! SA showed increased plant height,
leaves number/tiller, tiller fresh weight, tiller dry weight whereas 50
mg L~! SA increased water content of Gemmieza 9 cultivars when
compared to non-treated control plants. Interestingly at 20 mg L™ Cs
treatment root fresh and dry weight was significantly increased among
all treatments and control plants of Gemmieza 9 cultivars. Nevertheless,
when treated individually, both Cs and SA increased all physiological
criteria in both cultivars compared to control plants (Abdallah et al.,
2020). The effect of two elicitors, 25 and 50 mg Lt Cs, and 50 and 100
mg L™ SA on the secondary metabolite accumulation and cell rein-
forcement action of safflower callus under 15 mg L™! salt stress indi-
cated that the lower concentrations of 25 mg L~ Cs accumulated total
phenolics content (TPC) more than 50 mg L' Cs under salinity stress.
Whereas the highest callus growth rate, highest content of total flavo-
nols and the highest 2,2-diphenyl-1-picrylhydrazyl (DPPH) activity were
observed under elicitation by 50 mg L™ of SA under salinity stress
(Golkar et al., 2019). These results indicate that the lower concentration
of Cs 25 mg L™! treatment is optimal for increasing secondary metabo-
lites in safflower plants, while SA at 50 mg L™! treatment is essential to
increase callus growth, antioxidants, and secondary metabolites. It will
be interesting to explore the combined effect of Cs/CsNPs and SA on
systemic induced resistance in plants under biotic/abiotic stress for
improved plant resistance.
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7.2. Cs/CsNPs treatment regulates JA signaling

Jasmonic acid (JA) is meant to be a well-known salt stress marker in
plants by regulating both osmotic and oxidative stress due to the ability
of JA to provide systemic physiological alteration instead of by simply
controlling osmotic stress (Zhao et al., 2014). Cs activates the octade-
canoid pathway of jasmonates and protects the plants from salt stress by
regulating cell ion concentration (Liu et al., 2008; Pichyangkura &
Chadchawan, 2015). The treatment of chitosan-polyvinyl alcohol
hydrogels + copper nanoparticles (Cs-PVA + Cu-NPs) and the Cs-PVA
caused 75% and 66% diminished activation of JA transcript expres-
sion compared to salt alone treated plants. Additionally, Cs-PVA + Cu-
NPs or Cs-PVA could also induce the transcripts of JA in the absence of
salt stress. The decreased expression of JA under Cs-PVA + Cu-NPs and
the Cs-PVA treatment indicated that both treatments mitigate salt stress
(Hernandez-Hernandez, Juarez-Maldonado, et al.,, 2018). This is
possibly due to the action of JA as a signaling molecule to regulate
oxidative and ionic stress by activating antioxidant defense system of the
tomato plants, and through the mediation of octadeconoid pathway of
the jasmonates which was reflected in an improvement of growth pa-
rameters of tomato plants. The role of several nanoparticles such as
CeOo, Cs-PVA + CuNPs, nano-SiO; in the salt stress showed significant
improvement by regulating cell ions were also reported previously in
several plants (Farhangi-Abriz & Torabian, 2018; Hernandez-Hernan-
dez, Gonzalez-Morales, et al., 2018; Rossi, Zhang, Lombardini, & Ma,
2016; Wu, Shabala, Shabala, & Giraldo, 2018).

8. Effect of Cs/CsNPs on antioxidant activity, secondary
metabolites, and membrane permeability under salt stress

Several antioxidants and non-antioxidative enzymes are involved in
removing ROS to protect plants from oxidative damage under various
stressful conditions upon Cs and CsNPs treatment (Geng et al., 2020;
Hassan et al., 2021; Turk, 2019).

8.1. Effect of Cs/CsNPs on antioxidant activity

Cs and CsNPs application improved plant productivity under
different stressed conditions by boosting plant immune responses and by
the activation of various defense related enzymes and decreasing reac-
tive oxygen species (ROS) of plants (E. F. Ali et al., 2021; Attia et al.,
2021; Picchi, Gobbi, Fattizzo, Zefelippo, & Faoro, 2021; Quitadamo, De
Simone, Beleggia, & Trono, 2021).

8.1.1. Antioxidant activity under Cs treatment

Foliar application of 1 mg L™ Cs significantly induced antioxidant
activities of SOD, CAT and APX. Interestingly, 5844 mg L ! salt stress
combined with 1 mg L™! Cs by foliar means activated defense antioxi-
dant enzymes such as SOD, CAT and APX by 35%, 45.1% and 119.8%
and reduced GPX levels by 20.1% compared to control plants. The
decrease in the MDA content due to the antioxidant system and the
stimulating effects on alternative respiration was induced by Cs treat-
ment under salt stress (Turk, 2019). Thus, proving the role of Cs to
improve salt stress tolerance by activating various antioxidant enzymes.

The application of 15 mg L™ Cs immobilized with Methylobacterium
oryzae CBMB20 in tomato seeds resulted in activation of defense
mechanism against ROS by enhancing GR, APX and CAT, SOD and
decrease in the MDA and Hy0, level under 5844 g L7! salt stress
treatment (Chanratana, Joe, Anandham, et al., 2019). Similarly, foliar
application of 10 and 20 mg L™! Cs or 25 and 50 mg L™! SA to wheat
cultivars improved antioxidant activities such as SOD, CAT and perox-
idase thus eliminating ROS compared to corresponding control. 10 mg
L~! Cs were more effective in enhancing POX and CAT activities than
any other treatment in Sakha 94 whereas, SA 50 mg L~ was more
effective than other treatments in Gemmieza 9. The maximum increase
in SOD activity was noted either at 25 mg L™! of SA or 20 mg L™} of Cs
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treatments (Abdallah et al., 2020). The maize and wheat seeds soaked in
Cs resulted in an increase in the activity of POD and CAT at 250 mg L™}
of Cs, and a decrease in activity was seen at a higher dose, which was
750 mg L' of Cs, under 11,688 mg L~! NaCl treatment (Peykani &
Sepehr, 2019) indicating that Cs concentration affects the accumulation
of antioxidant enzymes response under salt stress. During salt stress,
antioxidant enzymes such as SOD, APX, CAT were significantly
increased but decreased POD activity was observed in the leaves of
creeping grass without Cs application. However, when creeping grass is
pre-treated with Cs exhibited 17.24%, 18.8% or 18.62% increase in
SOD, POD or CAT activity, respectively, compared to untreated plants
under salt stress. Surprisingly, exogenous Cs didn’t show significant
effects on POD activity under normal and stress conditions indicating
that pre-treatment of seeds is advantageous over exogenous application
of Cs with respect to POD activity (Geng et al., 2020). Cs application by
mixing with soil in milk thistle enhanced the activity of POD in the
leaves under 2560, 6400, 9600 mg L ! salinity stress. When 0.1 mg L™}
and 0.5 mg L~! Cs were applied under 9600 mg L™ salt stress increased
POD activity and maximum POD activity was noticed under 9600 mg
L' and 0.1 mg L~! Cs treatment in milk thistle plants (Safikhan et al.,
2018). In vitro culture of callus under 15 mg L™} of salinity stress and 50
mg L' Cs elicitation showed no significant effect on DPPH activity
compared to Cs application of control callus indicating that Cs didn’t
increase the DPPH activity of callus under salinity stress (Golkar et al.,
2019). CAT activity increased with increased salt concentration (2240,
4880, 6480 and 8640 mg L) in sunflower and safflower seedlings.
During maximum salinity stress ie 8640 mg L7Y, CAT activity was
increased by 62.27% in safflower and 60.83% in sunflower compared to
control which is 8640 mg L! salt treated. Low concentration 2.5 mg L~}
Cs treatment without salt stress increased CAT by 53.95% and 52.16% in
safflower and sunflower compared to control seedlings without salt
treatment. However, Cs treatment at 2.5, 5.0 and 7.5 mg L~! under
salinity stress decreased CAT activity compared to control seedlings
(Jabeen & Ahmad, 2013). This might be due to inability of Cs to activate
CAT under salt stress. However, the effect of Cs was not studied for other
antioxidant enzymes under salinity stress. Stevia plants treated with
2922, 5844 and 8766 mg L ! levels of salinity stress showed a significant
difference in CAT activity. Plants treated with 2922 and 8766 mg L™}
raised CAT levels to 327% and 303.3%. Whereas Cs and salt stress
combined treatment showed induced CAT activity in the following at-
tributes: 200 mg L~! Cs treatment under 2922 mg L~ NaCl, 200 mg L~}
Cs treatment under 5844 mg L~! NaCl, 600 mg L' Cs treatment under
8766 mg L1 NaCl indicating that low concentration of Cs and salt stress
induced CAT activity.

On the other hand, POD was also affected by 2922, 5844 and 8766
mg L' of salinity stress in stevia plants. Compared to the control plants,
the increasing salt concentration increased POD activity up to 61%,
79%, and 71%, respectively, to each salinity stress concentration.
Among different Cs treatment, 200 mg L™ Cs showed increased CAT
activity at 2922 and 5844 mg L~! NaCl treatment compared to control
plants whereas, other two treatments, which was 400 and 600 mg L ™! of
Cs, showed reduced POD activity up to 21% and 16%, under 2922 and
5844 mg L~ NaCl treatments, respectively. Interestingly, when 400 mg
L~! Cs application under 8766 mg L! salt stress showed increased POD
activity and decreased MDA content at 200 mg L™ and 400 mg L™* Cs
treatment at 5844 mg L' salt stress treatments resulting in increased
salt tolerance by increase of CAT and POD and decrease of MDA in stevia
plants (Gerami et al., 2020). Overall, Cs treated to leaves or seeds
showed tremendous increase in antioxidative enzymes. Therefore,
choosing the plant organs is crucial for the antioxidant related defense
response under salt stress of plants.

8.1.2. Antioxidant activity under CsNPs treatment

During vegetative and flowering stage, Catharanthus roseus (L) sub-
jected to salt stress (8766 mg L) caused a significant increase in CAT,
APX, and GR enzymes compared to the control groups. Further, foliar
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application of 10 mg L™! CsNPs enhanced antioxidant enzymes (CAT,
APX, and GR) compared to salt and control plants. The significant
upregulation of CAT, APX, GR activities and the reduction in MDA
content and H,05 were recorded when 10 mg L~! Cs-NPs treated to
8766 mg L! salt stressed Catharanthus roseus (L), proving enhanced
tolerance against salt stress and preserved membrane function (Hassan
et al., 2021).

High salt exposure as much as 5844 mg L~! NaCl significantly
increased POD, SOD, APX, and CAT by 29.19%, 67.03%, 36.79% and
70.58% compared to control bitter melon plants under normal condi-
tions. 20 mg L1 Cs-SeNPs treatment significantly increased CAT, POD
and APX by 18.83%, 42.49% and 16.84%. When 20 mg L~! Cs-SeNPs
and salt stress combined (2922 and 5844 mg L’l), CAT increased by
14.97% and 16.5%; POD increased by 63.33% and 36.66%; APX
increased by 24.29% and 23.25%. However, SOD activity was increased
only at 5844 mg L' NaCl treatment under 20 mg L™ Cs treatment
(Sheikhalipour et al., 2021). Similarly, priming seeds of Silybum maria-
num (L) Gaertn using Cs-NPs showed significant increase in SOD activity
(54.63%) at 8766 mg L' of NaCl post treatment. However, seeds only
treated with CsNPs did not show any significant effect on CAT and SOD
enzymes in milk thistle plants (Mosavikia et al., 2020). These results
confirm that the role of Cs/Cs-NPs as an activator of antioxidant enzyme
activities against ROS generation was higher during salinity stress. Solid
matrix priming is an efficient and advantageous method of priming in
comparison with liquid priming. The solid matrix priming with CsNPs
reduced MDA and H,O, concentration in salt stressed (2560 and 6400
mg 1) mung bean which eventually reduced the accumulation of lipid
peroxidation and oxidative stress. Priming with CsNPs also increased the
activity of SOD, CAT and PPO at higher salinity stress. The maximum
POD activity was observed in CsNPs compared to Cs alone treatment.
The APX activity showed maximum activity in CsNPs treated seedlings
under high salinity indicating that APX is crucial member in scavenging
ROS that detoxify HoO3 in plant tissues by maintaining homeostasis of
ascorbate and thus improves salt tolerance (Sen et al., 2020). Phaseolus
vulgaris exposed to CsNPs (1, 2 and 3 mg L 1) significantly affected the
antioxidant enzymes under salt stress (2922, 5844 and 8766 mg L™1).
The maximum increase of CAT up to 427.77% was observed at 1 mg L™}
CsNPs treatment under 5844 mg L™! of salt stress while 3 mg L™! Cs on
5844 mg L' salt stress showed a maximum increase of PPO up to
224.83% and increased POD until 218.94% (Zayed et al., 2017).

These reports suggested that the application of CsNPs effectively
combating ROS production by activating the defense antioxidant system
in salt stressed plants. However, CsNPs treatment of plants like milk
thistle did not affect the expression of antioxidant system but when it is
combined with salt stress, there was a significant increase in antioxidant
enzyme activities indicating that CsNPs and salt stress works synergis-
tically works to activate defense response for improved salt tolerance.
However, it should be noted that different plants elicited different types
of response based on the plant species and concentration of Cs used.
Therefore, identifying optimum concentration of Cs/Cs-NPs with respect
to plant species is crucial to alleviate salt stress conditions.

8.2. Effect of Cs/CsNPs on secondary metabolites under salt stress

8.2.1. Effect of Cs treatment on polyphenol content

The total phenol content showed significant changes in Cs and non-
Cs treated plants, however, phenol content increased with increased
salinity stress (1461, 2922, 5844 and 8766 mg L1) and reached the
highest at 8766 mg L~ ! NacCl (Rashidi et al., 2020). Co-application of Cs
and SA as the elicitors alleviated salinity stress partly by increasing
polyphenols as the defensive component, elevated hormones, PAL syn-
thesis, SA signal transduction pathways, anthocyanins and antioxidant
defensive mechanisms (Golkar et al., 2019; Govindaraju & Indra Arul-
selvi, 2018; Rivas-San Vicente & Plasencia, 2011; Salimgandomi &
Shabrangi, 2016). Thus, Cs is proposed as a possible tool for inducing
systemic acquired resistance (SAR) and induced systemic resistance
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(ISR). However, detailed research needs to be conducted in this area to
investigate the molecular mechanisms involved.

8.2.2. Effect of CsNPs treatment on polyphenol content

Plant adapts to salt stress by maintaining homeostasis between ROS
and phytochemicals such as polyphenols (Kiani, Arzani, & Mirmo-
hammady Maibody, 2021). Foliar application of 20 mg L™! Cs—SeNPs
under 2922 and 5844 mg L™! NaCl increased phenol accumulation by
9.55% and 19.71%, respectively. Increased flavonoid by 10.25% and
25.6% was observed when bitter melon plants treated under 2922 and
5844 mg L~! NaCl, indicating that higher the salt stress, higher the
content of phenol and flavonoid (Sheikhalipour et al., 2021).

8.2.3. Effect of modified Cs/CsNPs on lycopene content

Ascorbic acid/Vitamin C is well-known non-enzymatic antioxidants
that play crucial role in scavenging ROS and modulating various func-
tions in both abiotic and biotic stresses (Akram, Shafiq, & Ashraf, 2017;
Wang & Huang, 2019). CuNPs absorbed on Cs-PVA increased lycopene
and vitamin C content in tomatoes by 63.4% compared to non-stressed
conditions. Under 5844 mg L™ salt stress and Cs-PVA treatment, slight
increase in lycopene content was observed compared to salt stressed and
control plants (without salt stress). Interestingly, compared to control,
salt stress alone and CuNPs treated plants, Cs treatment under salinity
stress significantly increased lycopene content indicating that Cs play
crucial role under salinity condition to improve salt tolerance in tomato
plants (Hernandez-Hernandez, Gonzalez-Morales, et al., 2018). The
decreased content of vitamin C under 2922 and 5844 mg L' salinity
stress was alleviated by the foliar application of 10 and 20 mg L™} of Cs-
SeNPs in bitter melon. With no exposure to salt or 2922 mg L1 NaCl,
foliar treatment with 20 mg L™! Cs-SeNPs increased vitamin C by
28.30% and 25.71%, respectively. Meanwhile, plant exposed to 10 mg
L~! Cs-SeNPs and 5844 mg L~ NaCl significantly elevated vitamin C
content by 18.53%. The positive effect of Cs-SeNPs on salt stressed
plants was shown by decreased cellular damage caused by ROS (Shei-
khalipour et al., 2021). Higher the concentration of Cs-SeNPs, better the
lycopene accumulation, increased vitamin C content without salt stress;
whereas increase of lycopene and vitamin C was observed in lower
concentration of Cs-SeNPs under salt stress indicating that different
environment needs different concentration of Cs-SeNPs to show
improved plant tolerance in tomato plants.

8.2.4. Effect of modified CsNPs on anthocyanin content

Anthocyanins are involved in multiple stress responses, acts as an-
tioxidants, and reduce oxidative damage to plants by increased accu-
mulation of polyphenols, scavenge free radicals and reduced lipid
peroxidation (Sakamoto & Suzuki, 2019). Salt treatments on 2922 and
5844 mg L~ of NaCl with 20 mg L™! or even Cs-SeNPs itself could
induce anthocyanin production by 35.21%, 21.73% and 48.93% in
leaves of bitter melon plants (Sheikhalipour et al., 2021). There is only
few evidence on the effect of Cs/Cs-NPs on anthocyanins under salt
stress and therefore future research needs to be focused in this area.

8.2.5. Effect of CsNPs on alkaloids and diterpene glycosides

Several secondary metabolites including alkaloids and terpenes are
involved in various stress responses in plants (Heydarian et al., 2018).
When Catharanthus roseus (L.) was irrigated with CsNPs, increased
alkaloid production was recorded in flowering stage than at vegetative
stage in both roots and leaves, and even higher in roots than in leaves to
resist 8766 mg L! salinity stress. Furthermore, expression of a terpene
indole alkaloid ORAC3 transcription factor, octadecanoid-derivative
responsive AP2-domain, key gene involved in terpenoid indole alka-
loid pathway, is responsible for the enhanced salt tolerance (Hassan
et al., 2021).

The interaction of CsNPs and 8766 mg L~! salt stress modulated the
biosynthesis of steviol glycosides derivatives by encouraging the con-
version of stevioside to rebausioside A indicating that CsNPs is
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specifically affecting special pathways in alkaloid biosynthesis in
C. roseus. Geissoschizine synthase (GS) gene is involved in the biosyn-
thesis of stemmadenine, a terpene indole alkaloid induced transcription
of GS and ORAC3 ultimately helps to improve salt stress tolerance in
Catharanthus roseus (L.) G.Don (Hassan et al., 2021). Further research in
other plant species is essential to unravel the role of alkaloids or terpenes
in Cs/Cs-NPs treated salt stressed plants.

8.2.6. Effect of modified CsNPs on essential oils

Phytochemicals are secondary metabolites present in essential oils
affected by several environmental factors especially osmotic stress that
cause reduced absorption and transfer of nutrients in plants (Fernandez-
Sestelo & Carrillo, 2020). Foliar application of Cs-SeNPs under saline
(2922 and 5844 mg L7!) and non-saline conditions significantly
enhanced essential oil content. Without saline treatment, only 20 mg L™}
Cs-SeNPs application increased essential oil content by 54.38%. 10 mg
L~! Cs-SeNPs increased the content of essential oil up to 17.74% and
15.44%, in the fruits of bitter melon and thus increased the quality of
fruits even under 2922 and 5844 mg L~! of salinity stress (Sheikhalipour
et al., 2021), indicating that low concentration of CsNPs is sufficient to
recover essential oil content in bitter melon fruits under salt stress.

8.3. Effect of Cs/CsNPs on membrane permeability

Plasma membrane is the primary part of plant affected by salinity
stress, and therefore it is considered crucial when studying salt tolerance
in plants (Muhammad Jamil, 2012). The treatment of 20 mg L~! CsNPs
improved the membrane stability index, and decreased lipid peroxida-
tion caused by ROS under 5844 mg L~ salt stress in Phaseolus vulgaris
(Zayed et al., 2017). When periwinkle plants exposed to CsNPs showed
low ion leakage and better membrane function under 8766 mg L™* of
salt stress (Hassan et al., 2021; Xie, Xu, & Liu, 2001). Thus, the appli-
cation of CsNPs could be as an effective tool to improve membrane
stability and function under salinity stress.

9. Molecular mechanism adapted by plants under Cs/CsNPs/
modified CsBMs treatments during salt stress

9.1. Molecular mechanisms under Cs/modified Cs treatment

Cs can induce important plant physiological activities in cells and
tissues through regulation of biochemical processes at the molecular
level to improve plant growth and development (Bakhoum et al., 2020).
Cs can also be used to efficiently mitigate salt stress by expressing
various genes through activation of antioxidative enzymes and JA
signaling pathway. The application of 1 g Cs-PVA and 10 mg CuNPs in
tomato increased expression of SOD and decreased expression of GPX
and CAT due to the higher production of anion superoxide radicals and
lower production of HyO, compared to control plants. Cs activated
octadecanoid pathway of JA by regulating the concentration of ions
under salt stressed condition resulting in the downregulation of PR1 and
upregulation of JA biosynthetic transcripts (Hernandez-Hernandez,
Gonzalez-Morales, et al., 2018). Considering the downregulation of PR1
and accumulation of JA transcripts upon CsBM treatment under salt
stress, it is expected that the respective condition can result in induced
systemic resistance (ISR) against pathogens, that is JA-dependent. Cs
induces defense response genes through JA pathway under abiotic stress
and SA pathway under biotic stress. The JA pathway is one of the key
hormonal signaling pathways to mitigate salt stress in the plants (Zhao
et al., 2014).

There are three types of alternate oxidase (AOX) genes, where only
AOX1 is responsive to abiotic stress. Cs directly affects the expression of
AOX1 in biochemical level possibly by mitochondrial respiration via
AOX enzyme or by stimulating AOX gene expression. Application of Cs
significantly up regulated the expression of AOXI gene by 154% in
maize seedlings under salt stress. Cs modulates alternative respiration by
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regulating the activity and by regulating transcription factor of the AOX
gene under normal and salinity conditions (Turk, 2019).

The primary factor of salt toxicity is the accumulation of high level of
sodium in plants. Therefore, in a saline environment plant tends to
isolate the excess sodium from roots and inhibits the transfer of sodium
from roots to the shoots as a survival strategy (Chanratana, Joe,
Anandham, et al., 2019). High affinity K+ transporter (HKT) belongs to
the HKT/Trk/Ktr-type, exhibit species-specific function due to its vari-
able selectivity for Na™ and K" (Z. Ali et al., 2012; Rubio, Gassmann, &
Schroeder, 1995). The exogenous application of 500 mg L™! Cs to
creeping bentgrass showed enhanced expression of AsHKTI in leaves
and roots under salt stressed condition representing the involvement of
Cs to induce AsHKT1 gene to recruit sodium in roots and inhibit the
transfer of sodium from roots to shoots under salt stress treated with
5844 mg L~'/4 days, 8766 mg L~'/4 days, 11,688 mg L™1/16 days
(Geng et al., 2020). Sodium compartmentalization (separation of so-
dium into vacuoles) can also provide osmotic adjustment for water
maintenance under saline stress. 500 mg L' Cs enhanced the expression
of sodium hydrogen exchanger (AsNHX4, AsNHX5, and AsNHX6) genes
under salt stress, i.e., on 5844 mg L~'/4 days, 8766 mg L™'/4 days,
11,688 mg L™1/16 days, all of them increased the capacity of sodium
compartmentalization (Geng et al., 2020). 500 mg L~! Cs is also able to
increase SOS pathway associated with the excretion of Na™ from the
cytosol to the rhizosphere, increase the expression of AsHKT1 to inhibit
Na™ transport to photosynthetic tissues, and upregulate the expression
of AsSNHX4, AsNHX5, and AsNHX®6 to increase the compartmentalization
capacity of Na' in roots and leaves. These findings reveal the involve-
ment of Cs in regulating Na™ transport, increasing sugar and amino acid
metabolism for osmotic adjustment and energy supply, and increasing
plant polyamine (PA) accumulation in response to salt stress (Geng
et al., 2020). A foliar spaying method of Cs caused increase in K*/Na ™"
ratio possibly by acting as a biostimulators under salinity stress (Ashour
et al., 2020). Cs-immobilized aggregated M. oryzae CBMB20 decreased
Na™ influx into the plant cells and subsequently decreased Na* /K" ratio
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under salt stress conditions (Chanratana, Joe, Anandham, et al., 2019).

Additionally, under salt stress, Cs also enhanced the expression of
AsATPaB2 a transcription factor involved in light-controlled synthesis of
photosystem proteins in roots, and ATPa2- sodium/potassium-
transporting ATPase subunit alpha in leaves of creeping bentgrass to
enhance proton motive force in the plant (Geng et al., 2020). A sweet
basil showed enhanced expression of phenylalanine ammonia lyase (PAL)
and chavicole O-methyltransferase (CVOMT) when 2 mg L' Cs (foliar
application) was treated under salt stressed condition namely 1461,
2922, 5844, and 8766 mg L~L. PAL is one of the most important enzymes
in the biosynthesis of phenolic compounds and CVOMT gene belongs to
the family of O-methyltransferase enzymes, and it performs the
methylation of chavicole (enzyme family of O-methyltransferase).
Enhanced expression of PAL and CVOMT genes at 2 mg L' Cs and
5844 mg L~! NaCl leads to the increased production of phenolic com-
pounds, which helps mitigate salt stress in plants (Rashidi et al., 2020).

9.2. Molecular defense related mechanisms under CsNPs treatment

There are few reports on the effect of CsNPs and defense related
genes response under salt stress. 10 mg L™' CsNPs was applied to
Catharanthus roseus (L.) G.Don. challenged with salt stress to study the
expression profile of mitogen-activated protein kinase 3 (MAPK3), GS and
ORAC3. Compared to control plants, salt stress slightly decreased, but no
significant difference in ORAC3 and MAPK3 and GS expression was
observed. 10 mg L~! CsNPs treatment to C. roseus plants caused signif-
icant upregulation in all three genes such as GS, MAPK3, and ORAC3
compared to control and salt stressed plants. Interestingly, the expres-
sion of all three genes increased further by 10 mg L™ CsNPs and salt
stress (Hassan et al., 2021) indicating the synergistic role of CsNPs and
salt to improve growth and developmental process of plants under
salinity conditions.






