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Abstract

Soil salinity is abiotic stress of growing concern, whose effects can be potentially mitigated by the use of suitable fertilisers.
Based on this, an experiment was conducted to determine the role of vegetable oil-coated urea on the performance of wheat
(Triticum aestivum) under salinity. Neem oil-coated urea (NOCU), castor oil-coated urea (COCU), and normal urea (NU) were
compared in wheat plants growing in pots at three soil salinity levels (0, 6, and 12 dS m™). Plant morphology, growth, element
contents (Na, Cl, K, and N), and several traits were assessed at the flag leaf stage; biological yield, grain yield, and its compo-
nents were assessed at maturity. Salinity stunted growth (approximately -50% yield with high salinity vs. control); boosted Na
and Cl concentrations while abating K and N concentrations in plant organs; impaired leaf water status; reduced photosynthetic
pigments and increased antioxidant activities and osmo-regulating compounds. NOCU and, to a lesser degree, COCU mitigated
salinity effects by upgrading antioxidant activities, reducing oxidative stress markers, increasing leaf water status, photosynthetic
pigments, and osmo-regulating compounds. However, NOCU under high salinity could only achieve the levels of NU under
intermediate salinity. Lastly, NOCU and COCU restricted plant entry of adverse ions (Na and CI) while increasing K and N
accumulation. Vegetable oil—coated urea, namely NOCU, significantly contributed to improving wheat behaviour and final yield
under salinity. These outcomes are associated with the two fertilisers’ properties of slow nitrogen release.

Keywords Coated urea - Plant growth - Cell membrane stability - Antioxidants - Osmo-regulating compounds - Nutrient
uptake

1 Introduction

Soil salinity (SS) is a major threat to soil degradation, agro-
ecosystem quality, and global food security. SS affects more
than one billion hectares globally, particularly in arid and
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reproductive stage (Sofy et al. 2002; Zhu et al. 2022). The
increased concentration of toxic ions (Nat and C17) alters
the enzymatic activities, protein synthesis, and photosynthe-
sis, reduces membrane stability, and impairs nutrient homeo-
stasis (Kumar et al. 2019). Besides this, SS decreases the
osmotic potential of soil solution, which results in limited
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water availability for plant transpiration and reduced photo-
synthesis (Shrivastava et al. 2015; Kumar et al. 2019).

Plant response to SS depends on salt concentration, plant
species, and salt type (Joshi et al. 2022). Increased salt con-
centration in the growing medium reduces stomata opening,
photosynthetic rates, chlorophyll contents, chloroplast func-
tioning, and leaf area. All this determines lower photosynthetic
efficiency (Kim et al., 2018), leading to a significant reduction
in plant growth (El-Sabagh et al. 2020; Denaxa et al., 2022;
Joshi et al. 2022; Van Zelm et al. 2020). One of the major effects
of SS is the excessive production of reactive oxygen species
(ROS) that damage proteins, lipids, and DNA (Kim et al. 2018).
However, plants possess excellent defence systems comprising
enzymatic and non-enzymatic compounds to cope with ROS
increase (Joshi et al. 2022). Besides, plants accumulate various
potential osmolytes and use ion exclusion mechanisms to miti-
gate SS deleterious impacts (Isayenkov and Maathuis 2019). In
strawberries, the increased concentration of salts around plant
roots was shown to cause metabolic disorders and leaf toxicity
symptoms affecting photosynthetic efficiency and assimilate
production, in turn reducing plant growth (Voutsinos-Frantzis
et al. 2023). Increased salt concentration disturbs the soil physi-
cal structure and reduces nutrient and water availability, which is
another main cause of the substantial reduction in plant growth
observed under SS (Etesami et al. 2019). Therefore, containing
the yield losses due to SS is a major concern in view of meeting
the world’s rising food demand (Etesami et al. 2019).

Different strategies are envisaged to reduce the deleteri-
ous impacts of abiotic stresses. Fertilisation practices are
also involved, as a nutrient application must be tailored
to face the unfavourable growth conditions determined by
stress agents. Nitrogen (N) application is considered impor-
tant to improve plant growth and tolerance to SS (Nazir et al.
2023). In fact, N supply is an important premise for general
crop production and becomes a key factor to sustain plant
growth under stress (Zorb et al. 2018). Nitrogen use effi-
ciency (NUE) is considered the most relevant parameter to
be focused on under stress as well as no stress conditions, in
view of sustainable crop production (Altaf et al. 2021). From
a practical viewpoint, this reflects in the 4R principles for N
fertilisation (right time, right amount, right source, and right
place), which become more critical in view of supporting the
growth of stressed plants (Ghafoor et al. 2021).

In this framework, the application of slow-release N fertilisers
is seen as a way to support plant growth, NUE, and plant toler-
ance to abiotic stresses (Zorb et al. 2018; Altaf et al. 2021), while
reducing environmental impact (Ghafoor et al. 2021). Among
these fertilisers, coated urea was shown to reduce N losses and
improve NUE and N recovery, resulting in improved yield and
stress tolerance in plants (Li et al. 2018; Ain et al. 2020; Dimpka
et al. 2020). Urea coating is associated with increases in nitro-
gen internal efficiency (NIE), apparent N recovery, and agro-
nomic NUE, which are the basis for the better plant performance
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observed under stress conditions (Li et al. 2017; Affendi et al.
2018: Asghar et al. 2022). Among coating materials, vegeta-
ble oils are easily available, environmentally friendly, highly
hydrophobic, and easily degraded by soil microorganisms. All
these factors support their use in urea coating, significantly
influencing fertiliser properties: in fact, vegetable oil coatings
reduce N losses by slowing the rate of urea hydrolysis and the
subsequent NH,* nitrification to NO;". This results in reduced
N,O losses and improved N availability and NUE (Yuan et al.
2022). Moreover, vegetable oil coatings have good adhesion to
the urea surface, which prolongs the release of urea and conse-
quently improves crop yield, NUE, and stress tolerance (Dong
et al. 2019; Bortoletto-Santos et al. 2016).

Despite the potential benefits of slow-release fertilisers
in alleviating salinity, the literature hardly returns works
conducted to determine the impact of these fertilisers on
plant growth under SS. This is especially serious as it con-
cerns wheat, one of the most important cereals represent-
ing a stable food source for 40% of the world population
(Giraldo et al. 2019). Wheat is grown in 216 million hectares
over 90 countries with an annual production of 778 million
metric tons (FAOSTAT 2022; Langridge et al. 2022). The
main statistical sources do not indicate which proportion of
the wheat surface is affected by salinity. However, wheat is
generally associated with rainfed cropping or limited irriga-
tion use. This condition exacerbates salinity effects, as salts
tend to accumulate in soil profile season after season. In this
respect, wheat epitomises a scenario of rising difficulties
faced by many crop plants in coping with salinity.

It is sensed that a strategical approach should be deployed
to face the global threat posed by salinity in order to, at least,
mitigate the stress effects on soil, cultivated plants, and the
general environment. Adjusting nitrogen fertilisation to the
specific needs under salinity could fit in this strategy, and
slow-release nitrogen fertilisers could play a non-negligible
role. However, this is confronted with the paucity of infor-
mation on the role of these fertilisers, namely oi-coated urea,
on plant growth, physiological activities, and element con-
tent under SS. In this light, this work was aimed at reduc-
ing the gap of knowledge hampering the efficient use of N
fertilisers in wheat grown under SS. Therefore, a pot experi-
ment was conducted to determine the impact of neem and
castor oil-coated urea on wheat growth, physiological traits,
antioxidant activities, element content, and NUE under SS.

2 Materials and Methods
2.1 Experimental Setting
A pot trial was conducted to evaluate the effect of urea

with different coatings (neem and castor oil) on mor-
phological, growth, compositional, and physiological
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attributes of wheat under SS in a greenhouse at the Uni-
versity of Agriculture, Faisalabad (Pakistan). During the
study period, the average minimum and maximum daily
temperatures were 14 °C and 31.4 °C, respectively; rela-
tive humidity ranged between 64.9% and 88.5%.

The soil for filling the pots was collected from the
0-10 cm depth of a field at the Agronomy experimental
farm. Soil samples were taken and homogenised to create
a representative sample to be analysed by standard pro-
cedures. The soil was a clay loam with pH 7.70, organic
matter 8.4 g kg”!, EC 0.97 dS m™!, available phosphorus
9.6 mg kg'!, exchangeable potassium 181 mg kg™!, and
total nitrogen 0.35 g kg™!. Plastic pots with a 5 L capacity
were filled with soil, and in total 27 pots were used for the
experiment.

Twelve seeds of wheat were sown in each pot on Decem-
ber 2, 2021. The cultivar Akbar-2019 (not acknowledged for
being salt tolerant) was used for this experiment. The pots
were visited regularly and watered on the basis of visual
observation. The water was applied to pots by using a hand
sprayer until all the plants were fully watered.

2.2 Experimental Treatments

The study involved different levels of SS: control, 6 dS m,
and 12 dS m™! cross combined with different fertilisers: nor-
mal urea (NU), neem (Azadirachta indica) oil-coated urea
(NOCU), and castor (Ricinus communis) oil-coated urea
(COCU). Table salt (NaCl) was used to determine SS levels
according to treatments. Concentrations of NaCl needed as
per treatment were calculated by the formula:

TSS X mol.weight X saturation(%)
100 x 1000

NaCl req.(g/kg) =

In the above equation, TSS indicates the total soluble salts
that were calculated as TSS = (EC2 - EC1) x 10; ECI and
EC2 were the original electrical conductivity (EC) and the
required EC, respectively. Therefore, to achieve the target SS
levels (6 and 12 dS m™!), NaCl salt was applied at the rate of
1.179 and 2.58 g/kg of soil. The saturation percentage in the
above equation was calculated by the formula:

loss in soil weight on dryi
oss in soil weight on drying % 100

saturation (%) - - -
weight of soil after drying

Therefore, to determine the soil saturation percentage,
the saturated paste of soil was made by adding water and
mixing it with a spatula. The mixture was allowed to reach
equilibrium for 2 h then filtered with filter paper, and the
extract was obtained. Thereafter, the soil was oven dried (65
°C), and the soil saturation percentage was determined with
the above formula.

The seeds of neem and castor were collected from trees
growing in nearby areas. Seeds were crushed to extract
the oil, which was used to coat granular urea. The coated
urea was left to air dry under shade before applying it for
experimental purposes (Rehman et al. 2021). In total, 625
mg urea (= 287.5 mg N) was applied to each pot, split into
three doses: the first dose at sowing; the second and third
dose during wheat growth. Soil incorporation was assured
by irrigation.

2.3 Growth Traits

Plant samples were taken at the flag leaf stage, 83 days after
sowing (DAS) (February 23, 2022), to determine growth
traits. Three plants were randomly taken from each pot,
and root and shoot lengths were measured and weighed to
determine the fresh weight. After that, they were oven dried
(70 °C) to determine the dry weight. Leaves from the three
plants were also fresh and dry-weighed. Although root fresh
and dry weight may be slightly underestimated because of
pulling wheat plants from pots, this error influences all treat-
ments in the same way, therefore the comparisons among
treatments in terms of root dry weight and root-to-shoot ratio
should not be affected.

Samples taken on the same date were used to assess phys-
iological traits, osmo-regulating compounds, oxidative stress
markers, antioxidant activities, and element concentrations,
which are described in the following points.

2.4 Physiological Traits

The chlorophyll and carotenoid contents were determined
with standard methods of Lichtenthaler (1987). A 0.5 g of
fresh leaf sample was homogenised in 80% methanol solu-
tion by using a pestle and mortar. Then the extract was
centrifuged and filtered, and absorbance was recorded at
663, 645, and 480 nm wavelengths with a spectrophotom-
eter Hitachi U-2001 (Hitachi, Tokyo, Japan) to determine
the respective chlorophyll a, chlorophyll b, and carotenoid
contents. The same instrument was used in the other cases
where specific wavelengths were read after extractions.

The standard procedure of Mostofa and Fujita (2013) was
used for the determination of relative water contents (RWC).
Fresh leaf samples were taken from the plant and weighed
to determine fresh weight (FW), then leaves were dipped in
distilled water for 24 h. Then leaves were taken out from the
water, excess water was removed, and turgid weight (TW)
was taken. Finally, leaves were oven dried (75 °C) to assess
dry weight (DW), and RWC was determined with the fol-
lowing formula:

RWC (%) = (FW — DW)/(TW — DWR) x 100

@ Springer



Journal of Soil Science and Plant Nutrition

For electrolyte leakage (EL), 0.5 g of fresh leaf sample
(chopped into small pieces) was dipped in distilled water for
30 min, and EC1 was measured by using an EC meter. Then,
EC2 was recorded after heating the samples in a water bath
at 90 °C for 50 min. Finally, EC% was determined with the
following formula:

EL = (EC1/EC2) x 100

Membrane stability index (MSI) (Sairam 1994) was also
calculated as the percent complement of EL, using the fol-
lowing formula:

MSI =100 - EL

2.5 Osmo-Regulating Compounds

For the determination of total soluble protein (TSP), whose
role in salt stress mitigation has recently been underlined
(Athar et al. 2022), 0.5 frozen plant sample was ground in 5
mL phosphate buffer, then centrifuged at 14,000 rpm for 15
min at 4 °C. Then the plant sample was treated with 2 mL
Bradford reagent, left for 15-20 min and absorbance was
recorded at 595 nm with the aforementioned spectropho-
tometer (Bradford 1976).

In the case of free amino acids (Free a.a.), a 0.5 g plant
sample was ground with 5 mL phosphate buffer and cen-
trifuged (15,000 rpm) for 15 min. Afterward, 1 mL crude
extract was poured into a test tube and added with 1 mL
pyridine and 1 mL ninhydrin. Then, these test tubes were
placed in a water bath for 30 min at 90 °C, and after that, the
volume of test tubes was brought to 25 mL, and absorbance
was recorded at 570 nm (Hamilton and Van Slyke 1943).

The concentration of total soluble sugars (TSS) was
measured by placing 1-2 drops of the supernatant on the
prism of a refractometer. In the case of proline, again 0.5
g of plant sample was extracted by adding 10 mL sulpho-
salicylic acid (3%) and centrifuged for 10 min at 10,000 rpm.
Afterward, acid-ninhydrin was added to the supernatant and
placed for 30 min in a water bath (90 °C). Then the absorb-
ance was recorded at 520 nm to determine proline content
(Bates et al. 1973).

2.6 Antioxidant Activities

To determine catalase (CAT) activity, 0.5 g leaf sample
and 5 mL potassium phosphate buffer were centrifuged and
10,000 rpm for 15 min, then absorbance was recorded at 240
nm (Aebi 1984).

To determine peroxidase (POD) activity, 0.5 g leaf sam-
ple was homogenised in 5 mL potassium phosphate buffer
using a pestle and mortar. The solution was centrifuged at
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10,000 rpm for 15 min, then the supernatant was collected,
and absorbance was recorded at 470 nm (Guan et al. 2009).

Ascorbate peroxidase (APX) activity was determined by
the method of Gutteridge and Halliwell (1990). A 0.5 g fro-
zen leaf sample was homogenised in 5 mL potassium phos-
phate buffer (pH 7.8) using a pestle and mortar. The solution
was centrifuged at 10,000 rpm for 15 min, the supernatant
was collected, and absorbance was recorded at 290 nm to
assess APX activity.

To determine Ascorbic acid (AsA), again 0.5 g leaf
sample was homogenised using 5 mL trichloroacetic
acid (TCA), and then centrifuged (8000 rpm) for 10 min.
Then, 0.5 mL dithiocarbamate (DTC) reagent was added
to 2 mL supernatant, incubated for 3 h, and cooled. Then,
2 mL sulfuric acid was added as dropwise and slightly
shaken. The mixture was kept for 30 min at 30 °C, and
the absorbance was recorded at 520 nm (Mukherjee and
Choudhuri 1983).

2.7 Oxidative stress markers

In the case of malondialdehyde (MDA), a 0.5 g frozen plant
sample was ground with 5 mL TCA and centrifuged for 15
min at 12,000 rpm. Afterward, a mixture containing 1 mL
sample and 1 mL TCA was heated at 100 °C for 30 min and
then rapidly cooled in an ice bath (4 °C). The concentration
of MDA was determined by measuring absorbance at 532
nm (Rao et al. 2000).

The concentration of H,0, in wheat samples was deter-
mined with the method of Velikova et al. (2000). A 0.5 g
frozen plant sample was ground in 5 mL trichloroacetic acid
(TCA) and centrifuged, then 1 mL extract was placed in test
tubes supplemented with 1 M potassium iodide (166 mg)
and 100 pL potassium phosphate buffer. Then, absorbance
was read at 390 nm.

2.8 Element Concentrations

To determine element concentrations, samples of plant
organs (roots, stem, and leaves) were taken, oven-dried (65
°C), and ground to make powder. Then, a 0.5 g powdered
sample was taken and digested by adding HC]l and HNO;
(1:2) at 180 °C. Afterward, the samples were diluted by
adding distilled water, and concentrations of Nat and K*
were determined with a flame photometer. Conversely, the
concentration of CI" in digested samples was measured using
a chloride analyser. Lastly, the total N concentration was
obtained by the Kjeldahl procedure. Element concentrations
in the single organs are reported in the Supplementary Mate-
rials (Table S1 and S2). Element contents were obtained as
the product of element concentrations X the dry weights of
the respective plant organs.
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2.9 Yield Traits

Three plants from each pot were taken at physiological
maturity at 134 DAS (April 15, 2022). The following mor-
phological and yield traits at harvest were determined: num-
ber of fertile (i.e., ear bearing) tillers, spike length, spikelets
per spike, grains per spike, thousand-grain weight (TGW),
biological (i.e., total above ground) and grain yield, and har-
vest index (HI), i.e., grain yield/biological yield. All weights
were determined on a DW basis, and all data are reported
on a per-plant basis.

2.10 Statistical and Principal Component Analysis

The experiment was conducted in a completely randomised
factorial design with three replications. All the collected
data were checked for normality of distribution (Kolmogo-
rov-Smirnov test) and homogeneity of variances (Bartlett’s
test). The data were analysed by two-way ANOVA for SS,
urea coating (UC), and their interaction. Tukey’s HSD test at
P < 0.05 was used to indicate different levels in significant
ANOVA sources. Besides the tables reporting means and
ANOVA results, Table S3 in the Supplementary Materials
reports the mean data and their standard errors.

To identify potential relationships among the measured
traits, the data were explored through three principal com-
ponent analyses, denominated PCA1, PCA2, and PC3. Trait
acronyms used in the PCAs were further shortened with
respect to tables, in order to avoid label overlapping. The
new acronyms are reported in the respective PCA captions.

In PCAL, the traits describing plant morphology, growth,
and yield (i.e., root dry weight, stem dry weight, leaf dry
weight, root to shoot ratio, leaf number, tiller number, spike
length, spikelets per spike, grains per spike, thousand-grain
weight, biological yield, grain yield, and harvest index)
were plotted against the traits describing plant water status,
photosynthetic pigments, and osmo-regulating compounds
(i.e., total chlorophyll, carotenoids, relative water content,
electrolyte leakage, membrane stability index, proline, total
soluble sugars, total soluble proteins, free amino acids). In
PCA2, the above-cited traits describing plant morphology,
growth, and yield were plotted against the traits describing
the plant oxidative markers and antioxidative enzymes (i.e.,
malondialdehyde, hydrogen peroxide, ascorbate peroxidase,
catalase, peroxidase, ascorbic acid). Finally, in PCA3, the
above-cited traits describing plant morphology, growth, and
yield were plotted against the traits describing the content
of ions and their translocation across plant organs (i.e., total
sodium content, total chloride content, total potassium con-
tent, total nitrogen content, Na translocation index to roots,
stems, and leaves, Cl translocation index to roots, stems,
and leaves, K translocation index to roots stem and leaves,
N translocation index to roots, stem and leaves).

The three urea treatments (NU, normal urea; NOCU,
neem oil coated urea; COCU, castor oil coated urea),
and the three soil salinity levels (0, 6, and 12 dS m™)
were used as supplementary categorical variables, i.e.,
variables that are not included in PCA computation. In
each PCA, the P-values of the Pearson correlation coef-
ficients between the variables and each PC are reported
in the Supplementary Materials (Table S4, S5, and S6).
The eigenanalysis is also displayed in the Supplementary
Materials (Figure S1). The analyses were performed with
the R software (RStudio Team 2020), using the pack-
ages Car (Fox and Weisberg 2018) and Emmeans (Lenth
2018) for the analysis of variance and post hoc tests, and
the package FactoMineR (Le 2008) for principal com-
ponent analysis.

3 (Results
3.1 Morphological and Growth Traits

Soil salinity determined relevant reductions in all mor-
phological and growth traits at the flag leaf stage (DAS
83) (Table 1). The leaf number was more than halved
when passing from no salinity to high salinity (12 dS
m'l). The same occurred to shoot DW, whereas root DW
underwent only a ~25% decrease. As a result, the root-
to-shoot ratio was more than doubled under high salinity
vs. no salinity.

Urea coated with the two oils (NOCU and COCU) could
mitigate the above-described adverse effects of salinity
(Table 1). NOCU performed consistently better than COCU
in alleviating salinity growth impairment. However, NOCU
under high salinity could not restore the levels each trait
possessed under non-saline conditions.

The significant interactions for all traits except root DW
indicate, in general, a loss of mitigating activity for COCU
when passing from the intermediate (6 dS m™) to the high
salinity level (12 dS m™) (Table 1).

3.2 Leaf Water Status and Photosynthetic Pigments

The three traits indicating plant ability to maintain leaf
hydration (RWC) and cell solute retention (EL and MSI)
were severely affected by salinity (Table 2): in fact, under
high salinity vs. no salinity, RWC and MSI were more than
halved, while EL was more than doubled. The three photo-
synthetic pigments (chlorophyll a and b, and carotenoids)
underwent sharp losses, too, under high salinity.

Urea coating could alleviate the strong damage to cell
integrity and the photosynthetic machinery (Table 2). Again,
NOCU performed consistently better than COCU, which in
turn always passed the NU level in all traits.
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Table 1 Morphological and growth traits in wheat at flag leaf stage

Treatment Leaf number Shoot DW Root DW R:S
® €9)
Soil salinity (SS)
0 5.81a 350a 1.94 a 0.56 ¢
6dSm! 420D 2.32b 1.70 b 0.75b
12dS m™! 2.50¢ 127 ¢ 149 ¢ 1.20 a
P <0.001%*%* <0.001**  <0.001** <0.001**
Urea coating (UC)
NU 3.53¢ 2.00c 1.63 b 0.93 a
NOCU 481 a 2.72a 1.78 a 0.72 ¢
COCU 4.18b 2.37b 1.73 a 0.85b
P <0.001%*%* <0.001**  <0.001** <0.001**
SS x UC
0/NU 4.86¢c 2.99 ¢ 1.82 0.61 def
0/NOCU 6.71 a 393 a 2.03 0.52f
0/COCU 5.86 b 3.57b 1.98 0.55 ef
6/NU 3.68d 1.92f 1.65 0.86 ¢
6 /NOCU 4.76 ¢ 2.67d 1.77 0.66 de
6/ COCU 4.17d 2.38¢ 1.69 0.71d
12/NU 2.03f 1.08 h 1.41 1.31a
12/ NOCU 295e 1.56 g 1.55 0.99 b
12/ COCU 251 ef 1.17h 1.51 1.29a
P 0.003%%* <0.001** 0288 ns  <0.001**
C.V. (%) 4.28 3.08 2.81 5.24

NU, normal urea; NOCU, neem oil-coated urea; COCU, castor oil—
coated urea; DW, dry weight; R:S, root to shoot ratio; n.s., * and **
indicate non-significant and significant at P < 0.05 and P < 0.01,
respectively. Different letters indicate statistical differences (Tukey
test at P < 0.05)

The significant interactions for all traits except EL, indi-
cate a slight decrease for COCU vs. NOCU activity at high
salinity (Table 2). However, at high salinity, even NOCU
could hardly maintain adequate levels of leaf hydration and
electrolyte retention, as RWC fell to 29.7% while EL rose
to 72.4%.

3.3 Osmo-Regulating Compounds

Salinity depressed TSP and Free a.a., while concurrently
boosting TSS and proline (Table 3). Urea coating enhanced
all four compounds according to the ranking: NOCU >
COCU > NU. However, in TSP and Free a.a., NOCU could
not attain the levels found under no salinity, whereas in TSS
and Proline, NOCU increased their levels with respect to no
salinity (Table 3).

The significant interactions in all compounds except TSS,
outline stronger relative differences among urea coatings at
high salinity in the case of TSP and, to a lesser extent, Free
a.a. and Proline (Table 3).
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3.4 Antioxidant Enzymes and Oxidative Stress
Markers

Salinity enhanced the four antioxidant enzymes (CAT, POD,
APX, and ascorbic acid) and the two oxidative stress mark-
ers (MDA and H,0,), with increases ranging from ~15%
(Ascorbic acid) to ~1.3 fold (POD), when passing from
no salinity to high salinity (Table 4). Urea coating also
enhanced the antioxidant enzymes, according to the rank-
ing: NOCU > COCU > NU (Table 4). Conversely, urea coat-
ing reduced oxidative stress markers, showing the opposite
ranking: NOCU < COCU < NU. In antioxidant enzymes,
NOCU attained almost the same levels determined by high
salinity, whereas in oxidative stress markers, NOCU main-
tained levels quite close to no salinity. It is, therefore, sensed
that NOCU exerted an eliciting activity of stress response
mechanisms (the antioxidant enzymes) while restraining the
oxidative stress signalling associated with salinity.

The significant interactions (CAT, MDA, and H,0,)
depict lower relative differences among urea coatings at
high vs. low salinity in CAT and, to a lesser extent, MDA
and H,O, (Table 4).

3.5 Element Concentrations, Contents,
and Partitioning to Plant Organs

Soil salinity determined by NaCl supply resulted in strong
increases in the plant concentrations of the two ions Na*
and CI" (Table 5). A relevant decrease in K concentration
was observed at high salinity, as the likely consequence of
excess Na in the growth medium, resulting in competition
for the uptake of either cation. Nitrogen, too, underwent a
relevant decrease in concentration under high salinity, as the
likely consequence of impaired root apparatus. Since high
salinity drastically curbed total DW (—=50%), the increases
in Na and Cl contents were mitigated with respect to their
increases in concentrations, whereas the decreases in K and
N contents were enhanced with respect to their decreases in
concentrations (Table 5).

Urea coating could modestly mitigate the above large
variations in element concentrations and contents (Table 5).
The usual ranking (NOCU > COCU > NU) was observed in
the containment of both Na* and CI increase, and Kt and
N decrease.

The significant interactions in all cases except CI content,
outline a picture of non-univocal behaviour in element con-
centrations and contents at high vs. no salinity levels.

The allocation of the four elements to the three vegeta-
tive organs is expressed by the translocation index (TI)
(Fig. 1). To better evidence the main changes, data at the
intermediate salinity level (6 dS m!) were not included in
TI assessment. The four elements showed a similar behav-
iour under the influence of salinity and urea coatings: high



Journal of Soil Science and Plant Nutrition

Table 2 Leaf water status and

‘ ’ Treatment RWC EL MSI Chl. a Chl. b Carotenoids
Etlag;ents in wheat at flag leaf (%) (%) (%) (mgg! FW) (mgg!FW) (mgg!FW)
Soil salinity (SS)
0 744 a 30.0c 70.0 a 0.50 a 0.33a 191a
6dS m! 43.6b 5740 42.6b 0.31b 0.24b 1.04b
12dS m™! 21.6¢ 715a 28.5¢ 0.16 ¢ 0.09c 046 ¢
P <0.001#*  <0.001**  <0.001**  <0.001%* <0.001%** <0.001%*
Urea coating (UC)
NU 333¢ 56.6 a 43.4c 0.24 ¢ 0.15¢ 091 c
NOCU 60.2 a 489c S51l.1a 041a 0.30a 137 a
COCU 46.1b 53.3b 46.7b 0.32b 0.22b 1.12b
P <0.001*%*  <0.001*%*  <0.001**  <0.001** <0.001%* <0.001%*
SS x UC
0/NU 573 ¢ 33.5 66.5 041c 0.23 ¢ 1.58 ¢
0/NOCU 93.7a 26.4 73.6 0.59 a 044 a 2.25a
0/COCU 72.1b 30.0 70.0 0.50 b 0.32b 1.88 b
6/NU 3l.1e 62.1 379 021e 0.17d 0.82f
6/NOCU 57.0c¢ 52.5 47.5 041c 0.31b 1.23d
6/ COCU 42.6d 57.5 42.5 0.31d 0.23 ¢ 1.05¢e
12/NU 116 ¢ 74.2 25.8 0.09 ¢ 005¢ 0.331
12/ NOCU 29.7e 67.8 322 0.22e 0.14 e 0.6l ¢g
12/ COCU 23.6f 72.4 27.6 0.16 f 0.10f 0.43 h
P <0.001**  0.572 ns 0.572 ns <0.001%* <0.001%** <0.001%**
C.V. (%) 3.06 3.57 4.02 2.52 4.40 2.71

NU, normal urea; NOCU, neem oil-coated urea; COCU, castor oil-coated urea; RWC, relative water con-
tent; EL, electrolyte leakage; MSI, membrane stability index; Chl. @ and Chl. b, chlorophyll a and b, respec-
tively; FW, fresh weight; n.s., ¥ and ** indicate non-significant and significant at P < 0.05 and P < 0.01,
respectively. Different letters indicate statistical differences (Tukey test at P < 0.05)

salinity (12 dS m™) vs. no salinity enhanced element par-
titioning to roots up to ~50% (Na, Cl, and K) and 40-50%
(N), at the expenses of the stem. The effect of urea coating
could not be clearly detected under no salinity, whereas
under high salinity NOCU determined a small but signifi-
cant decrease in the partitioning of all four elements to
roots, in exchange for a slight increase in the partitioning
to leaves. It is perceived in the four elements, that the
increase in the partitioning to roots under high salinity was
mainly driven by the increase in the root-to-shoot ratio
(Table 1), leading the roots to become the main portion of
plant biomass under salinity.

3.6 Morphological and Yield Traits at Maturity

Wheat morphological traits at harvest (DAS 134) were sub-
stantially curbed by salinity (Table 6). Under high salin-
ity vs. no salinity, the number of fertile tillers, spikelets
per spike, and the thousand-grain weight were reduced by
approximately two-thirds, while spike length and the number
of grains per spike were more than halved (Table 6). As a
result, the biological and grain yield were equally reduced
by more than 50%, while the harvest index varied modestly.

Urea coating could mitigate salinity adverse effects on
these traits, although no urea coating could restore the trait
levels obtained under no salinity (Table 6). In all the morpho-
logical and yield traits, the usual ranking was shown in the
effectiveness of the three urea types: NOCU > COCU > NU.

The significant interactions for all traits indicate generally
wider relative differences among urea types at high salin-
ity. This allowed especially NOCU to be more effective in
upholding biological and grain yield under high salinity,
although in both traits the levels obtained by NU under no
salinity were not attained (Table 6).

3.7 Principal Component Analysis

Three PCAs were performed to visualise the relationships
among the main traits and extrapolate the salient informa-
tion from the results obtained. In all three PCAs, most of the
variance was explained by the first component.

In PCA1, the traits describing plant biometry, growth,
and yield were put in relation with those describing plant
water status, the content of photosynthetic pigments,
and osmo-regulating compounds (Fig. 2). The first PC,
explaining 87.6% of the data variance, clearly represents
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Table 3 Osmo-regulating

" Treatment TSP Free a.a. TSS Proline
gt(:;lsounds in wheat at flag leaf (mg g-l FW) (mg g-l FW) (mg g»l FW) (mg g-l EW)
Soil salinity (SS)
0 23.00 a 15.11a 10.97 ¢ 0.66 ¢
6dS m! 12.79b 991b 12.55b 0.71b
12dS m™! 6.51 ¢ 8.25¢ 15.66 a 0.87a
P <0.001%* <0.001%#%* <0.001%* <0.001%*
Urea coating (UC)
NU 9.76 ¢ 891 c 12.65c¢ 0.71 ¢
NOCU 19.16 a 13.36 a 1344 a 0.80 a
COCU 13.39b 11.01b 13.08 b 0.73b
P <0.001** <0.001%** <0.0071 % <0.001%**
SS x uC
0/NU 17.50 ¢ 11.99d 10.77 0.63 f
0/NOCU 29.17 a 1797 a 11.12 0.70 de
0/COCU 22.33b 15.39b 11.03 0.65 ef
6/NU 840e 7.67¢ 12.06 0.69 def
6/ NOCU 18.47 ¢ 12.73 ¢ 13.00 0.75 cd
6/ COCU 11.50d 9.33e 12.59 0.70 de
12/NU 337h 7.07 h 15.13 0.80 bc
12/ NOCU 9.83 f 9.37e 16.20 0.95a
12/ COCU 634 ¢ 8.30f 15.63 0.85b
P <0.0071%** <0.001%** 0.207 ns 0.021%*
C.V. (%) 3.37 1.75 2.00 2.84

NU, normal urea; NOCU, neem oil—coated urea; COCU, castor oil—coated urea; TSP, total soluble proteins;
Free a.a., free amino acids; 7SS; total soluble sugars; FW, fresh weight; n.s., * and ** indicate non-signif-
icant and significant at P < 0.05 and P < 0.01, respectively. Different letters indicate statistical differences

(Tukey test at P < 0.05)

the effect of salinity, as the three salinity treatments were
aligned along this PC, with the control (0 dS m™) at the
extreme right side, and the high salinity level (12 dS m™)
at the extreme left side. Indeed, almost all the traits related
to growth, water status, and membrane stability were ori-
ented in the same direction as the control treatment and
opposite to the 12 dS m™! treatment, in contrast to proline,
total soluble sugars, electrolyte leakage, and root to shoot
ratio, which increased with soil salinity. The barycentres
of the three urea coatings were aligned along a diagonal,
with NU on the negative side of the first PC, NOCU on the
positive side, and COCU in the middle, at the intersection
of the axes. This placement may suggest that NOCU was
the most effective treatment in counteracting the noxious
effects of salinity, allowing the plant to maintain growth,
hydration, and photosynthetic pigments at values similar
to those of the control.

In PCA2, the traits describing plant biometry, growth,
and yield were put in relation with the traits describing
plant oxidative status and content of antioxidant com-
pounds (Fig. 3). Once again, the first PC, explaining
79.5% of the data variance, resembles the effect of salin-
ity, with the control treatment (0 dS m™!) located at the
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extreme right side of this PC, the high salinity level
(12 dS m™") at the extreme left side of the same PC,
and the intermediate salinity level in between. Indeed,
except for the root-to-shoot ratio, all the growth-related
traits were opposite to the 12 dS m™! salinity level, as
they decreased with increasing salinity. Conversely, the
barycentres of the enzymes and oxidative stress mark-
ers were oriented toward the barycentre of the highest
salinity levels, as their content increased with salinity.
Also in this case, the barycentre of the NOCU treatment
was located on the upper right quadrant, on the positive
side of the first PC, the COCU at the intersection of the
biplot axis, and the NU in the lower-left quadrant, on
the negative side of the first PC. This placement sug-
gests that NOCU was the treatment that most stimulated
the enzymatic activity, boosting the plant response to
salinity and helping to counteract the oxidative stress,
thereby allowing maintaining performance levels more
similar to those of the control.

In PCA3, the traits describing plant biometry, growth,
and yield were put in relation with the traits describing
the total content of ions and their translocation across the
plant organs (Fig. 4). As in the previous two PCAs, the
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Table 4 Antioxidant enzymes and oxidative stress markers in wheat at flag leaf stage

Treatment CAT POD APX AsA MDA H,0,
(U mg™! prot.) (U mg™! prot.) (U mg™! prot.) (mg g”' FW) (p mol g FW) (p mol g FW)
Soil salinity (SS)
0 276 ¢ 0.16 ¢ 12.14 ¢ 4.84c 338¢ 311c
6dS m™! 4540 0.28b 18.99 b 5300 5.59b 3.74b
12dS m™! 542a 0.37 a 27.06 a 5.65a 6.63 a 435a
P <0.001%*%* <0.001%*%* <0.001%#* <0.001%#* <0.001%*%* <0.001%*
Urea coating (UC)
NU 3.05¢ 0.22¢ 13.19¢ 510c¢c 554a 386a
NOCU 551a 0.32a 2579 a 540a 491 c 3.60c
COCU 4.15b 0.27b 19.21b 5.28b 5.15b 3.74b
P <0.001%*%* <0.001%*%* <0.001%*%* <0.001%** <0.001%** <0.001%#*
SS x UC
0/NU 1.651 0.11 6.43 4.73 3.60f 3.17f
0/NOCU 393 f 0.22 18.53 4.94 3.19h 3.04 f
0/COCU 270 h 0.16 11.45 4.85 336¢g 3.12f
6/NU 336¢g 0.23 12.79 5.15 5.94d 3.87d
6/ NOCU 5.82b 0.33 25.51 5.40 538e 3.60e
6/COCU 442d 0.28 18.67 5.34 546e 3.76 d
12/NU 4.15e 0.33 20.33 5.44 7.09 a 4.55a
12/ NOCU 6.79 a 0.42 33.33 5.85 6.15¢ 4.16 ¢
12/ COCU 532c¢ 0.38 27.50 5.65 6.64 b 4.33b
P <0.001%%* 0.655 ns 0.527 ns 0.077 ns <0.001%*%* 0.005%%*
C.V. (%) 0.85 4.35 542 1.14 1.07 1.32

NU, normal urea; NOCU, neem oil—coated urea; COCU, castor oil-coated urea; CAT, catalase; POD, peroxidase; APX, ascorbate peroxidase;
AsA, ascorbic acid; MDA, malondialdehyde; FW, fresh weight; n.s., * and ** indicate non-significant and significant at P < 0.05 and P < 0.01,

respectively. Different letters indicate statistical differences (Tukey test at P < 0.05)

first PC, accounting for 78.9% of the data variance, repro-
duces the effects of salinity, with the high salinity level
placed on the right side of the first PC and the control
on the left side. Indeed, the barycentres of the primary
growth traits and total content of K and N were positioned
on the positive side of PC1, as they reached the highest
values under control conditions. In contrast, the barycen-
tres of the total content of Na and Cl were positioned on
the negative side of the first PC, as they increased pro-
portionally with salinity. The barycentre of the NOCU
treatment was oriented in the same direction as the leaf
translocation indices, indicating that a major transloca-
tion of ions to the photosynthetic organs occurred under
this treatment. The NU barycentre, instead, was aligned
to the barycentres of the root translocation indices, as this
treatment promoted ion accumulation at the root level in
exchange for lower accumulation at the stem levels. Lastly,
the COCU treatment resulted to be placed in the same
direction as the stem translocation indices, indicating that
a major (although not significantly different) accumulation
of ions at the stem level occurred in correspondence with
this treatment.

4 Discussion

Soil salinity represents a severe abiotic stress restricting crop
growth and productivity to a growing extent in many world areas
(Stocker et al. 2013). The present study, besides a non-saline con-
trol, involved two salinity levels, of which the intermediate (6 dS
m™) is considered the threshold for initial losses in wheat yield
at the field level, whereas the highest (12 dS m™) is assumed to
determine an approximate 50% yield loss (Ayers et al. 1985).
Compared to this, in our pot experiment at both the flag leaf
stage and physiological maturity (DAS 83 and 134, respectively),
stronger restraints in growth and final yield were incurred by the
two salinity levels under the scenario of no mitigation represented
by the use of NU. Therefore, the experimental conditions were
shown to be quite challenging for any external input to support
wheat growth and the related physiological processes.

Stunted growth under salinity originated from impaired
physiological functions under many viewpoints: increased
oxidative stress markers, disturbed nutrient homeostasis,
and reduced photosynthetic pigments, plus reduced cell
division and growth, as reported in other sources (Hassan
et al. 2014; Al-Yasi et al. 2020).
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Table 5 Element concentrations (mg g”' DW) and contents (mg plant™') in the total dry weight (g plant™') of wheat at flag leaf stage

Treatment Na Cl K N Total DW Na Cl K N
(mg g DW) (g plant-1) (mg plant™)
Soil salinity (SS)
0 34c 23¢ 21.0a 132 a 544 a 183 ¢ 123 ¢ 114.7 a 72.1a
6dSm™! 14.8b 20.7b 16.7b 9.8b 4.03b 589a 82.6a 67.5b 39.7b
12dS m™ 204 a 259a 13.5¢ 7.8¢ 2.76 ¢ 56.0b 71.0b 375¢ 21.8¢
P <0.001**  <0.001**%  <0.001**  <0.001**  <0.001%** <0.001**  <0.001%* <0.001%*  <0.001%**
Urea coating (UC)
NU 14.1a 17.6 a 157 ¢ 92¢ 3.63¢c 43.8 53.7b 59.6 ¢ 354c¢
NOCU 11.5¢ 15.1¢ 183 a 113a 450 a 44.5 574a 86.3 a 53.5a
cocu 13.0b 16.1b 17.2b 10.3b 4.10b 45.0 54.8b 73.8b 4470
P <0.001**  <0.001**  <0.001**  <0.001**%  <0.001%** 0.261 ns <0.001%* <0.001**  <0.001%**
SS x UC
0/NU 36f 24¢ 193¢ 12.0¢ 4.82¢ 173 ¢ 11.6 93.0¢c 57.6¢
0/NOCU 31g 22h 22.6a 144 a 5.96 a 184 ¢ 13.0 134.7 a 85.7a
0/COCU 35f 22h 21.0b 13.2b 5.54b 193¢ 12.2 116.3b 73.0b
6/NU 16.7 ¢ 22.5d 153 f 8.8 f 357f 59.8a 80.6 54.8 f 314f
6 /NOCU 13.0e 19.0f 17.9d 10.8d 4.44d 57.5 ab 84.1 79.4d 479d
6/COCU 14.7d 204 e 16.8 e 98¢ 4.07e 59.6 a 83.1 68.3¢ 398¢e
12/NU 219a 27.7a 12.4h 69h 249 h 54.5¢ 68.9 309h 1721
12 /NOCU 18.5b 24.1¢ 14.4 fg 8.7f 311g 57.6 ab 75.0 449 ¢ 269 ¢
12 /COCU 209a 25.8b 138 g 80¢g 2.68 h 56.0 ab 69.1 369 h 21.3h
P 0.004%* 0.045%* 0.046* 0.0017%* 0.002%* 0.035%* 0.259 ns <0.001#*%  <0.001%**
C.V. (%) 1.01 0.90 1.97 143 2.54 3.11 0.86 3.71 2.91

NU, normal urea; NOCU, neem oil—coated urea; COCU, castor oil-coated urea; DW, dry weight; n.s., * and ** indicate non-significant and sig-
nificant at P < 0.05 and P < 0.01, respectively. Different letters indicate statistical differences (Tukey test at P < 0.05)

The application of coated fertilisers has already been
proven beneficial for nutrient uptake and use efficiency
(Noor et al. 2017; Yaseen et al. 2017), and the avail-
ability of nutrients, namely nitrogen and potassium, is
considered a pivotal point in supporting the wheat plant
exposed to salinity (Ahanger et al. 2017; Giambalvo
et al. 2022). In the case of urea, coating with vegetable
oils is a technique established for decades (Singh and
Singh 1989). However, it has not achieved general con-
sensus among methods for obtaining controlled-release
fertilisers, despite relatively simple industrial technology
(Suri 1995; Aggarwal and De 2013). Vegetable oils are
also proposed as components of polymers for fertiliser
coating that perhaps have higher added value, yet do
not always perform better from an agronomic viewpoint
(Martinez et al. 2021). Both castor oil and neem oil are
widely studied in urea coating, but especially the latter
oil coating has proved able to maintain N availability in
the soil for a longer time and reduce N losses, including
volatilisation of the highly noxious N,O (Gupta et al.
2016). This is consistent with the stronger effect exerted
by NOCU vs. COCU in almost all the plant traits exam-
ined in our experiment.
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To our best knowledge, NOCU and COCU have hardly
been investigated in response to salinity. However, some
of their properties evidenced in previous studies help us to
interpret their behaviour in response to salinity. The first
point is element uptake and allocation to plant organs, both
in the case of potentially adverse elements (Na and CI),
as well as major nutrients (K and N). NOCU and COCU
favoured N uptake with respect to NU, which is consistent
with a root system less severely affected by salinity, and with
a nutrient availability maintained for a longer time thanks to
slow N release (Gupta et al. 2016). The two circumstances
combined determined higher N content in the whole plant
under saline as well as non-saline conditions, and higher N
allocation to the root system under salinity. The same pattern
can be observed for potassium, although this nutrient was
not supplied with the investigated fertilisers. It may, there-
fore, be evinced that nitrogen exerts a drag on potassium,
favouring K uptake against the competition determined at the
soil-root interface by increased Na availability. Conversely,
the increased concentration of the two adverse elements (Na
and Cl) supplied with saline treatments was responsible for
disturbing ion homeostasis and decreasing nutrient concen-
trations in plant organs, a circumstance which is already
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Table 6 Morphological and yield traits in wheat at physiological maturity

Treatment Fertile tillers Spike length Spikelets Grains TGW BY GY HI
(no. plant'l) (cm) (no. spike'l) (no. spike'l) (2) (g plant'l) (g plant'l)
Soil salinity (SS)
0 526a 9.53a 940 a 520a 513a 2622 a 6.98 a 0.27b
6dS m™! 3430 6.21b 6.18b 36.2b 3450 17.72b 5200 0.29 a
12dSm! 1.66 ¢ 4.19¢ 323¢ 23.1c¢ 220c¢c 12.26 ¢ 345¢ 0.28 a
P <0.001%*%* <0.001%*%* <0.001%*%* <0.001%*%* <0.001%*%* <0.001%** <0.001%** <0.001%*%*
Urea coating (UC)
NU 3.04c 5.28¢ 4.66 ¢ 28.7 ¢ 273 ¢ 17.10 ¢ 423 ¢ 0.26 ¢
NOCU 393a 8.04 a 7.83a 44.1a 447 a 20.33a 6.13a 0.30a
COCU 3.38b 6.61b 6.32b 3840 35.8b 18.78 b 526b 0.28b
P <0.001%*%* <0.001%#* <0.001%** <0.001%* <0.001%** <0.001%*%* <0.001%*%* <0.001%*%*
SS x UC
0/NU 472 ¢ 7.53¢ 773 ¢ 420c¢ 43.0d 2533a 5.80d 0.23d
0/NOCU 594a 11.73 a 1140 a 60.0 a 59.2a 2733 a 8.12a 0.30 ab
0/COCU 5.11b 9.33b 9.07b 54.0b 51.6b 26.00 a 7.01b 0.27 be
6/NU 3.02f 520e 4.23e 280¢e 227¢g 16.33 cd 4.16 f 0.25cd
6/ NOCU 391d 723 ¢ 7.67c 433 ¢ 46.0c 19.00 b 6.09 ¢ 0.32a
6/ COCU 337e 6.20 e 6.63d 37.3d 347e 17.83 be 533e 0.30 ab
12/NU 1.391i 310¢g 200¢g 162 ¢ 16.3 h 9.62 f 273 h 0.28 be
12 /NOCU 194 ¢ 517e 442e 29.0e 28.8 f 14.67 de 4.19f 0.29 be
12/ COCU 1.66 h 430 f 327f 240f 210¢g 12.50 e 343 ¢ 0.27 be
P <0.001%*%* <0.001%* 0.003%* 0.019* <0.001%* 0.033%* <0.001%*%* <0.001%*%*
C.V. (%) 2.72 291 5.36 3.27 2.46 4.19 1.77 4.00

NU, normal urea; NOCU, neem oil—coated urea; COCU, castor oil—coated urea; TGW, thousand-grain weight; BY, biological yield; GY, grain
yield; HI, harvest index; n.s., * and ** indicate non-significant and significant at P < 0.05 and P < 0.01, respectively. Different letters indicate

statistical differences (Tukey test at P < 0.05)

echoed in the literature (Chen et al. 2012; Tarighaleslami
et al. 2012). The salinity-driven increase in Na accumulation
inhibits K uptake with a consequential impact on stomata
guard cells (Munns and Tester 2008). Moreover, due to the
lower concentration of external protons, salinity reduces the
ability of Na/K antiporters to exclude excessive Na, resulting
in increased Na accumulation in plant tissues at the expense
of K accumulation (Munns and Tester 2008). Similarly,
excess Na and CI reduce N accumulation in plant tissues
because of Na* competition with the cationic form (NH,*)
and CI” competition with the anionic form (NOy") of avail-
able nitrogen (Carpici et al. 2010; Baghbani et al. 2012). In
our experiment, all the nutritional drawbacks engendered
by salinity were mitigated by the two oil-coated fertilisers
(NOCU and COCU), which succeeded in upkeeping nutrient
(K and N) uptake while restraining adverse element (Na and
Cl) access to plant tissues. This is also seen in PCA3, where
NOCU and COCU were positively correlated to total K and
N content. In contrast, NOCU and COCU were inversely
correlated to total Na and Cl content, suggesting that the
oil-coated ureas stimulated the accumulation of the former
two elements while reducing the absorption of the latter two
elements.
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The rest of the beneficial effects are consistent with
the above picture of better nutrient homeostasis associ-
ated with oil coated vs. normal urea. In fact, the improved
leaf water status under salinity was at least partially due to
improved nutrient uptake supporting root growth, which in
turn improves water uptake and leaf hydration, i.e., RWC
(Docimo et al. 2020). In parallel, EL. and MSI were sig-
nificantly restrained and augmented, respectively, due to
a substantial increase in the two oxidative stress markers
(MDA and H,0,). However, the application of coated urea
(N) reduced their accumulation by increasing the antioxidant
activities and osmolyte accumulation. Since MDA is a prod-
uct of lipid peroxidation, MDA reduction with oil-coated
urea is consistent with the maintenance of cell membrane
functionality, which in turn is the reason for EL reduction
under salinity (Mumtaz et al. 2018).

In the case of osmo-regulating compounds, salinity
exerted a dual effect by depressing TSP and Free a.a., while
enhancing TSS and proline. Once more, the decrease in
compounds such as TSP and Free a.a., which are directly
linked to the metabolism of nitrogen, is consistent with
insufficient N uptake and explains why N sources that are
more efficient than NU, such as NOCU and COCU, could



Journal of Soil Science and Plant Nutrition

Morphological, growth and yield traits vs osmo-regulating compounds, water relations and pigments
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Fig.4 PCA3 biplot. Red squares indicate the barycentres of the three
urea treatments (NU, normal urea; NOCU, neem oil-coated urea;
COCU, castor oil-coated urea), the green triangle represents three
soil salinity levels ( 0, 6, and 12 dS m"), while the violet circles indi-
cate the barycentres of the quantitative variables (root dry weight
(DW(r)), stem dry weight (DW(s)), leaf dry weight (DW(1)), root to
shoot ratio (R:S), leaf number (LN), tiller number (TN), spike length
(SL), spikelets per spike (SLPS), grains per spike (GPS), thousand
grain weight (TGW), biological yield (BY), grain yield (GY), har-
vest index (HI), total sodium content (Na_T), total chloride content

counterbalance TSP and Free a.a. decrease. More to this,
oil-coated urea increased the accumulation of TSS and pro-
line. These two compounds are potential osmolytes ready to
face salinity, owing to the fact that TSS is the carbon source
for other organic solutes and plays a key role in protect-
ing enzymes, while proline is the most water-soluble amino
acid regulating cytoplasmic osmotic potential and protect-
ing protein molecules (El-Saidi 1997; Feng et al. 2023). All
this is evident in PCA1, where it appears that NOCU, and
secondly COCU, were more effective than NU in stimulating
the production of osmoregulating compounds, which con-
tributed to preserving the plant hydration and the pool of
photosynthetic pigments, with an overall positive effect on
plant growth and yield traits.

Lastly, the four antioxidant enzymes (CAT, POD, APX,
and AsA) were significantly increased under salinity and fur-
ther increased by applying oil-coated urea. More specifically,
PC3 showed that, among the three urea treatments, NOCU
mostly stimulated plant enzymatic response and reduced the
production of oxidative stress markers, conferring a greater
ability to scavenge the ROS and contain the oxidative stress
processes. Nitrogen is assumed to be the first defence line
against abiotic stresses (Khan et al. 2017; Singh et al. 2019).
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Na translocation index to root (TI_Na(r)), Na translocation index to
stem (TI_Na(s)), Na translocation index to leaf (TI_Na(l)), CI trans-
location index to root (TI_CI(r)), Cl translocation index to stem (TI_
CI(s)), Cl translocation index to leaf (TI_CI(l)), K translocation index
to root (TI_K(r)), K translocation index to stem (TI_K(s)), K translo-
cation index to leaf (TI_K(1)), N translocation index to root (TI_N(r)),
N translocation index to stem (TI_N(s)), N translocation index to leaf
(TLN®)))

Besides, N positive effects might be due to N being an effec-
tive component of antioxidant enzymes (Singh et al. 2019).
This is consistent with the results of oil-coated urea in our
experiment, showing a decrease in the two oxidative stress
markers (MDA and H,0,) in parallel to the aforementioned
increase in the four antioxidant enzymes.

5 Conclusions

Soil salinity significantly reduced the growth and final yield
of wheat plants, which could be ascribed to salinity-induced
oxidative, ionic, and osmotic stresses that damage the photo-
synthetic apparatus and alter wheat physiological activities.
Under such circumstances, the application of oil-coated urea
significantly improved all growth and physiological traits,
osmo-regulating compounds, oxidative stress markers, anti-
oxidant activities, and favourable (N and K) vs. unfavourable
(Na and Cl) elements. This, in turn, positively influenced
final yield and the related traits with respect to normal urea,
under both normal and saline conditions.

However, the two vegetable oils (neem and castor oil) did
not exhibit the same effectiveness. Neem oil-coated urea
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always performed significantly better than castor oil-coated
urea, but even the former oil could only mitigate the adverse
effects of high soil salinity (12 dS m™). In this respect, it is
sensed that oil choice for urea coating depends on several
factors besides their effectiveness: among them, oil avail-
ability, alternative uses, and market price.

While the beneficial effects of oil-coated urea in terms of
slow nitrogen release have already been proved in previous
works, the advantages under salinity constitute a novelty
requiring to be supported by further evidence. It is, there-
fore, hoped that additional experiments will be set up in
order to validate our results or suggest changes in the use of
vegetable oil-coated urea as a means to cope with salinity.
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