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Promoting salt tolerance, growth, et

and phytochemical responses in coriander
(Coriandrum sativum L. cv. Balady)
via eco-friendly Bacillus subtilis and cobalt

Sary H. Brengi'®, Maneea Moubarak' ®, Hany M. El-Naggar” ® and Amira R. Osman'~

Abstract

In plant production, evaluation of salt stress protectants concerning their potential to improve growth and produc-
tivity under saline stress is critical. Bacillus subtilis (Bs) and cobalt (Co) have been proposed to optimize salt stress
tolerance in coriander (Coriandrum sativum L. cv. Balady) plants by influencing some physiological activities. The main
aim of this work is to investigate the response of (Bs) and (Co) as eco-safe salt stress protectants to resist the effect

of salinity, on growth, seed, and essential oil yield, and the most important biochemical constituents of coriander
produced under salt stress condition. Therefore, in a split-plot factorial experiment design in the RCBD (randomized
complete block design), four levels of salinity of NaCl irrigation water (SA) were assigned to the main plots; (0.5, 1.5,
4,and 6 dS m™"); and six salt stress protectants (SP) were randomly assigned to the subplots: distilled water; 15 ppm
(Co1); 30 ppm (Co2); (Bs); (Col +Bs); (Co2+Bs). The study concluded that increasing SA significantly reduced corian-
der growth and yield by 42.6%, which could be attributed to ion toxicity, oxidative stress, or decreased vital element
content. From the results, we recommend that applying Bs with Co (30 ppm) was critical for significantly improving
overall growth parameters. This was determined by the significant reduction in the activity of reactive oxygen species
scavenging enzymes: superoxide dismutase (SOD), catalase (CAT), and malondialdehyde (MDA) and non-enzyme:
proline by 5, 11.3, 14.7, and 13.8% respectively, while increasing ascorbic acid by 8% and preserving vital nutrient
levels and enhancing plant osmotic potential to buffer salt stress, seed yield per plant, and essential oil yield increased
by 12.6 and 18.8% respectively. The quality of essential oil was indicated by highly significant quantities of vital bio-
logical phytochemicals such as linalool, camphor, and protein which increased by 10.3, 3.6, and 9.39% respectively.
Additional research is suggested to determine the precise mechanism of action of Bs and Co's dual impact on medici-
nal and aromatic plant salt stress tolerance.
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Introduction

Climate change has recently been linked to a signifi-
cant increase in salt stress. Thus saline irrigation water
has a severe negative impact on agricultural, horticul-
tural, medicinal, and aromatic plant productivity glob-
ally and reduced the potential yield of annual crops by
around fifty percent [1, 2]. Salt stress promotes abiotic
stress, which results in water deficiency; a lack of essen-
tial nutrients such as K*; and Na* toxicity inside plants,
which causes decreased photosynthetic efficiency and
biomass accumulation; PAL gene expression; stomatal
closure; reduced leaf expansion; and antioxidant defense
systems, all of which influence important molecules
involved in medicinal plant synthesis, such as the total
phenolic content, lipids, proteins, and DNA; thus, salt
stress affects plant production quality [3, 4]. As a result,
new approaches for dealing with the threat of global
salt stress to agricultural production are needed. Sev-
eral solutions, including the genetic selection of plant
cultivars that are most tolerant species to salt stress,
plant genetic engineering, and the introduction of plant
growth-promoting bacteria (PGPB), have been devised
to mitigate the detrimental effects of high salt concentra-
tions on plant growth [5, 6].

Bacillus subtilis bacteria are among the best-perform-
ing endophytic microorganism eco-safe organisms and
may influence plant growth and create systemic resist-
ance to abiotic stresses, such as drought, salinity, and
heavy metals, through their participation in antioxidant
activities and phenylpropanoid metabolism, optimizing
the synthesis of plant hormones such as auxins and gib-
berellins, or serving as plant protection agents against
microbial infections [7]. The stimulating effect of these
plants by endophytic microorganisms may influence the
plant to be a limitless source of novel metabolites, the
application of which could reduce agrochemicals, thus
improving agricultural, horticultural, medicinal, and aro-
matic plants; furthermore, such plants could be used as
base materials in a multitude of categories, such as cos-
metics, pharmaceuticals, and food industry production
[8, 9]. B. subtilis has been proven to protect numerous
medicinal and aromatic plant species from various abi-
otic stressors, including sweet basil [10, 11], peppermint
[12], Jew’s Mallow [13], turmeric [14], rosemary [15], and
ginger [16].

Cobalt is an essential micronutrient of cobalamin (vita-
min B},) that is a cofactor for a wide variety of enzymes
and an essential component of several proteins in prokar-
yotes and mammals. Reduced activity of this enzyme can
cause megaloblastic anemia [17]. Co can alleviate abiotic
stressors such as salt and drought by acting as a compo-
nent of several enzymes and coenzymes, positively affect-
ing plant development and metabolism, regulating ion
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homeostasis, and modifying phytohormones at low con-
centrations [18—-22]. However, the impact of Co on redox
equilibrium under salt stress has received little attention.
Cobalt and salt together enhance the stress tolerance of
several medicinal and aromatic plant species, including
Salvia officinalis L. [23], barley and wheat [24], and Pen-
nisetum divisum [25].

Coriander (Coriandrum sativum L.) is an annual herb
in the Apiaceae (Umbelliferae) family. It is a very essential
medicinal and fragrant herbaceous plant that has been
used extensively in folk medicine for centuries as a diges-
tive system regulator, diuretic, antibacterial, vegetable,
appetizer, and condiment [26, 27]. The plant’s green or
dry leaves are used in daily human food as a condiment
for flavoring salads, soups, various pastries, pickles and
seeds (fruit) are used to flavor falafel, which is a tradi-
tional Egyptian dish [9]. Coriander is a medicinal plant
that contains a high concentration of essential oils in its
roots, leaves, stems, flowers, fruits, and seeds. One of the
greatest intriguing options in the culinary, agrochemi-
cal, pesticide, cosmetics, and pharmaceutical industries
is coriander essential oil, which contains important bio-
logical components such as borneol, camphor, cineole,
geranyl acetate, coriandrol, cymene, dipentene, pinene
geraniol, linalool, phellandrene terpineol, terpinene, and
terpinolene [28-30]. Furthermore, they significantly
affect plant tolerance to various stress environments [31].
It is also famous for its high concentration of medicinal
agents, such as anticonvulsants, antidiabetic, antimicro-
bial, antioxidant, and other compounds, which protect
human body cells from sickness [32, 33].

Therefore, the current research was designed to investi-
gate the response of Bacillus subtilis (Bs) and cobalt (Co)
[CoSO,.7 H,0] as eco-safe salt stress protectants to resist
the effect of salinity, on growth, seed and essential oil
yield, and the most important biochemical constituents
of coriander produced under salt stress condition.

Materials and methods

Cultivation and plant material

To determine the efficacy of using various eco-safe salt
stress protectants to reduce the deleterious effects of
salinity stress on growth parameters, characteristics,
chlorophyll content, dry leaf content, K:Na ratio, elec-
trolyte leakage, antioxidant enzyme activity, Asco, pro-
line content in leaves, some biological phytochemicals in
seed oil, and seed and oil yield parameters of coriander
plants, two pot experiments were conducted on a private
farm in Abu Hommus, El-Beheira Governorate, Egypt
(31°5” 35" north, 30° 18" 51" east), during two successive
winter seasons, from October to April 2022 and 2023.
The local variety of coriander seeds (Coriandrum sati-
vum L., cv. Balady) was obtained from the Agriculture
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Administration Abu Hommus, El-Beheira Governorate,
Egypt. The seeds were uniformly sized, and five seeds
were seeded in black plastic pots (30 cm in diameter X 35
cm in height) filled with 10 kg of soil Fig. 1. The best
three plants were preserved after germination, and the
physio-chemical properties of the soil were analyzed
before planting [34, 35] (Table 1).

Experimental design and treatments

Two factors in a split-plot factorial experiment were
arranged by a randomized complete block design with
five replications. The main plots were four salinity levels
(SA); tap water as a control (Cont.) 0.5, 1.5, 4, and 6 dS
m~1, and subplots were the six eco-safe salt stress pro-
tectants (SP): distilled water as a control (Cont.), cobalt
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[CoSO,.7 H,O] (Merck Life Science Ltd. Cairo, Egypt)
(Col) at 15 ppm, (Co2) at 30 ppm, and Bacillus subtilis
(Bs) (Microbial Culture Network Ain Shams University
Cairo, Egypt) at 0.4 L per hectare (8 x 10% spores mL™}),
(Col+Bs), and (Co2+Bs). All possible combinations
of two factors were performed (4X6=24 treatments
and 120 experimental units) (Table S1). The treatments
were applied with irrigation one week after sowing the
coriander seeds and one week after each harvest, using
the same amount of water. The Ministry of Agricul-
ture’s instructions for cultivating coriander plants in
clay loam soil included supplemental fertilizer require-
ments and agricultural strategies necessary for its
growth were applied.

Co2+Bs

Col+Bs

Co2+Bs

Fig. 1 aThe main effect of the four levels of NaCl irrigation water salinity (SA): tap water as a control S0, 0.5; S1, 1.5; S2, 4; and S3, 6 dS m.”". b, ¢ d,
and e The interaction between the four salinity levels (S0, S1, 52, and S3) respectively and the six salt stress protectants: distilled water Cont,; 15 ppm
(Co1); 30 ppm (Co2); (Bs); (Col +Bs); (Co2 +Bs) 50 days after seed sowing of Coriandrum sativum L. cv. Balady. Where: the control (Cont.), B. subtilis

(Bs) and cobalt (Co)
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Table 1 Physical and chemical characteristics of the experimental soil during the two seasons
Season 1
Sand Silt Clay Texture Bulk density pH EC Organic matter (%) CaCo; (%)
(gem™) (dSm™)
22 216 56.4 Clay 1.54 8.1 0.74 1.45 1.75
DTPA-extractable (ppm) Soluble lons (meq/L)
N % P (ppm) Exchangeable K (ppm) Zn Mn Fe Cu Na cl
0.1 39 205 2.1 43 28 32 4 32
Season 2
Sand Silt Clay Texture Bulk density pH EC Organic matter (%) CaCO;
(gcm™) (dSm™") (%)
235 237 528 Clay 1.52 8.2 0.86 134 1.83
DTPA-extractable (ppm) Soluble lons (meq/L)
N % P (ppm) Exchangeable K (ppm) Zn Mn Fe Cu Na Cl
0.092 36 198 197 37 24 3.6 56 6.9

Growth parameters, characteristics, and photosynthetic
pigment concentrations in fresh leaves

After 50 days after sowing, the following data were
recorded: the number of leaves (NL), leaf length (LL)
(cm), shoot fresh weight (SFW) (g), root fresh weight
(REW) (g), root dry weight (RDW) (g), plant fresh
weight (PFW) (g), plant dry weight (PDW) (g), plant
height (Ph) (cm), and chlorophyll content (SPAD
Unit) using a chlorophyll meter (SPAD-502 m, Konica
Minolta, Japan). Dry weights were measured after dry-
ing the vegetative parts and roots for 72 h at a tempera-
ture of 70°C.

Element content, K:Na ratio, electrolyte leakage,

and protein content

Nine plants were picked, cleansed with tap water, and
subsequently rinsed three times with distilled water.
The samples were subsequently dried in a forced-air
oven at 70°C until they reached a consistent weight.
Finally, the samples were ground in a Willy mill and fil-
tered using a 30-mesh screen. A total of 0.2 g of dried
fine powder from the sampled leaves was digested with
a combination of hydrogen peroxide and sulfuric acid
(El Gombhoria for Medicines and Medical Supplies
Trading Alexandria, Egypt.) [36]. Kjeldahl’s approach
was used to calculate the percentage of total nitrogen
(N) in dry leaves utilizing mineral analysis [37]. The
amounts of potassium (K), phosphorus (P), sodium
(Na), and chloride (Cl) were determined using the
methods described by Cottenie et al. [38]. The protein
concentration was measured according to Krul [39].
Electrolyte leakage was utilized to determine the integ-
rity of the cell membranes, and the measurements were
performed following the approach of Lutts et al. [40].

Determination of the activity of antioxidant enzymes, total
protein content, Asco, and proline content in leaves

Gao et al. [41] studied the activity of the enzyme super-
oxide dismutase (SOD) (EC 1.15.1.1). The ideal amount
of enzyme extract required to produce 50% inhibition of
photochemical degradation of NBT was found to be one
unit of SOD activity. According to Aebi [42], the elimina-
tion of H,O, from crude extract samples revealed cata-
lase (CAT) activity (EC 1.11.1.6). The activity of lipid
peroxidation was determined by measuring the levels of
malondialdehyde (MDA) using a technique proposed by
Gérard-Monnier et al. [43]. The entire set of enzymes was
obtained using the method provided by Agarwal et al.
[44]. In particular, 100 mg of freshly collected coriander
leaves was crushed in an extraction buffer cooled with
ice. Bovine serum albumin (Sigma-Aldrich, Inc. St. Louis,
MO. United States) was utilized as a standard for deter-
mining the total protein content of the raw extract [45]. A
spectrophotometer (Unico W49376 Spectrophotometer
1200, Shanghai, China) with a 525 nm wavelength was
used to detect the presence of ascorbic acid in the super-
natants. A standard curve was created using ascorbic
acid as an analytical reagent from Solarbio. The quantity
of ascorbic acid is represented as milligrams per 100 g of
fresh weight using the approach given by Srivastava and
Singh [46]. The proline content of the leaves was meas-
ured using the approach proposed by Bates et al. [47].

Determination of biological phytochemicals in seed oil,
seed yield per plant, leaf oil, and essential oil yield

After the seeds matured, a representative sample of six
random plants was randomly selected from each exper-
imental unit to calculate the seed yield per plant (SYP).
The percentage of essential oil yield (EOYS) consumed
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was measured using a Clevenger apparatus according
to Guenther [48], and the following oil phytochemicals
were measured: linalool (%), y-terpinene (%), a-pinene
(%), p-cymene (%), camphor (%), and geranyl acetate (%)
using Agilent Gas Chromatography-Mass Spectrometry
(GC-MS) according to El-Kinany et al. [49]. The phyto-
chemicals of the essential oils were determined by their
retention time and correlation of mass spectra with those
of the NIST and Wiley library databases. Leaf essential
oil (LO) was extracted according to the approach of El-
Massry et al. [50]. Fresh coriander leaves were cut into
small fragments and subjected to water distillation for
three hours using Clevenger equipment. The essential
oils were collected, dehydrated with anhydrous sodium
sulfate, and stored in sealed glass vials lined with alu-
minum foil at 20°C.

Statistical analysis and experimental design

In our experiment, the design was established as a split-
plot design in the RCBD (randomized complete block
design), where NaCl levels were assigned to the main
plots, and the protective treatments were randomly
assigned to the subplots. The experiment included 24
treatments that consisted of four NaCl concentrations
and six protective treatments, five replicates (five pots
for each treatment, with three plans for each pot). All the
data were analyzed statistically by the CoStat statistical
software program version 6.4; Co Hort, USA [51] and are
presented as the average of the two seasons. At a prob-
ability level of p<0.05, the means were compared using
the least significant difference (LSD) analysis.

Results

Plant growth parameters, morphology, and chlorophyll
content

The means, of both seasons (2022 and 2023) for the NL,
LL, SEW, REW, RDW, PFW, PDW, Ph, and chlorophyll
content of Coriandrum sativum L. cv. Balady, are pre-
sented in Additional file 1: Table S1 and (Fig. 2A, B, C,
D, E, F, G, H, and I) (for details of two seasons, each in
Additional file 2: Table S1). Among the studied cori-
ander growth parameters, the chlorophyll content and
morphology significantly differed when the salt stress
level increased to S3 (6 dS m™!), as illustrated in Fig. 1a.

(See figure on next page.)
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Similarly, the mean values of the two seasons decreased
by approximately 38, 37, 55, 37, 22, 55, 44, 26, and 12%
for the NL, LL, SEW, REW, RDW, PFW, PDW, Ph, and
chlorophyll content, respectively.

Despite the salt stress, the cobalt and B. subtilis treat-
ments had significant effects on all the studied corian-
der economic growth parameters (Fig. 1b, ¢, d and e,
and Fig. 2A, B, C, D, E, F, G, H, and I), where the mean
values of the coriander economic growth metrics were
found to be the highest (Co2+ Bs), which increased the
NL, LL, SFW, RFW, RDW, PFW, PDW, Ph, and chlo-
rophyll content by approximately 30, 21, 28, 17, 18, 28,
29, 7, and 6%, respectively, compared with those of the
control. Col +Bs had the second most significant effect
after Co2+ Bs treatment on the mean average of all the
economic growth parameters of the coriander in the two
seasons, as shown in Additional file 1: Table S1 (Fig. 2A,
B, C, D, E, F, G, H, and I). However, the lowest mean
values in both seasons were achieved with the control
treatment.

In general, different salt stress protectants had signifi-
cant positive effects on the means of all the parameters,
NL, LL, SEW, REW, RDW, PFW, PDW, Ph, and chloro-
phyll content of the coriander plants in both seasons,
the interactions between cobalt at 30 and 15 ppm, and B.
subtilis in irrigation water produced the best mean val-
ues (NL 17, LL 22 cm, SFW 14 g, RFW 5 g, RDW 0.8 g,
PFW 44 g, PDW 5 g, Ph 88 cm, and 44 SPAD). All the
treatments increased the growth metrics of the stressed
and non-stressed plants compared to those of the con-
trol plants (Additional file 1: Table S1) (Fig. 1b to e and
Fig.2A,B,C,D,E, F, G, H, and I).

Elemental analysis and electrolyte leakage

In general, Additional file 1: Table S2 and (Fig. 3A, B, C,
D, E, E and Q) present the means of nitrogen, phospho-
rus, potassium, sodium, and chlorine; the K:Na ratio;
and electrolyte leakage of dry leaves in coriander plants
for both seasons (2022 and 2023) (for details of two sea-
sons, each alone in Additional file 2: Table S2). The leaf
element content of Coriander plants was modulated by
irrigation water salinity stress, salt stress protection, and
their interaction.

Fig. 2 Growth parameters and characteristics of Coriandrum sativum L. cv. Balady; A number of leaves “NL, B leaf length “LL" (cm), C shoot fresh
weight “SFW"(g), D root fresh weight "RFW” (g), E root dry weight “/RDW" (g), F plant fresh weight “PFW" (g), G plant dry weight "PDW"(g), H plant
height“Ph"(cm), and I chlorophyll content (SPAD Unit) as influenced by six salt stress protectants (SP), 15 ppm cobalt (Co1), 30 ppm (Co2), B. subtilis
(Bs), (Co1+Bs), (Co2+Bs), and distilled water as a control (Cont.) and four levels of NaCl irrigation water salinity (SA); tap water as a control S0=0.5,
S1=15,52=4,and S3=6 dS m.”". Bars with the same lowercase letters are not significantly different at the P< 0.05 level. The data are presented

as the mean + SE. The statistics are provided in additional file 1: Table S1
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There were correlations between increased NaCl con-
centrations and increasing Na*, Cl~, and electrolyte
leakage levels. The leaf contents of Na* and Cl™ and elec-
trolyte leakage increased with increasing NaCl concen-
tration (Fig. 3D, E, and G). However, there was a definite
inverse relationship between the N, P, and K* contents
and between the K:Na ratio and NaCl concentration
(Fig. 3A, B, C, and F) (Additional file 1: Table S2). Sepa-
rated or combined cobalt and Bacillus subtilis treatments
significantly reduced the Na+and Cl- levels as well as
electrolyte leakage in coriander leaves (Fig. 3D, E, and G).
Compared to those of the control, the other treatments
had significant influences on increasing the N, P, and
K+ contents (Fig. 3A, B, and C) and (Additional file 1:
Table S2).

Overall, the use of various SP increased the N, P, and
K+ contents and the K:Na ratio in coriander leaves
grown under SA at the S1, S2, or S3 levels compared to
those grown under the SO level in both seasons. SO, S1,
S2, and S3, (Co2 + Bs) had the highest mean N, P, and K+
contents and K:Na ratio, followed by (Col+Bs). Con-
versely, the lowest means were observed in the (Cont.)
with S3, followed by S2, S1, and SO (Fig. 3A, B, C, and
F) and (Additional file 1: Table S2). The lowest means of
Na*, Cl7, and electrolyte leakage in dry leaves of corian-
der plants in both seasons were recorded for Co2+ Bs,
followed by Col+Bs under SO, S1, S2, and S3, respec-
tively (Fig. 3D, E, and G) and (Additional file 1: Table S2).

Antioxidant enzymes, Asco, and proline

Our results showed that irrigation water salinity, salt
stress protection agent application, and their interaction
significantly (P<0.05) affected the activities of the anti-
oxidative enzymes SOD, CAT, and MDA; Asco; and pro-
line in coriander leaves (Additional file 1: Table S3) and
(Fig. 4A, B, C, D, and E) (for details of two seasons, each
alone in Additional file 2: Table S3). Similarly, the activi-
ties of SOD, CAT, MDA, and proline increased signifi-
cantly when the salt stress level increased to S3 (Fig. 4A,
B, C, and E). Conversely, when the Asco decreased sig-
nificantly (Fig. 4D).

The combination of Co2 with Bs had significant
effects on reducing SOD, CAT, MDA and proline lev-
els, with mean values of 5.0, 0.4, 0.94 (mg 100 g f wt™?),
and 380.70 (ug 100 g d wt™!), respectively, compared

(See figure on next page.)
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to those of the control, with mean values of 5.27, 0.45,
1.10 (mg 100 g f wt™!), and 441.77 (ug 100 g d wt ™),
for both seasons (Additional file 1: Table S3) and
(Fig. 4A, B, C, and E). In contrast, the Asco increased
significantly (Fig. 4D) to 30.28 (mg 100 g f wt™'). In
addition, Col or Co2 in combination with Bs had a
decrease in SOD, CAT, and MDA activity and proline
levels, but (Co2+Bs) had the greatest reduction in
both S2 and S3 (Additional file 1: Table S3) (Fig. 4A,
B, C, and E). Compared to those in the control treat-
ment, the Co2 + Bs treatment had the most significant
impact on increasing Asco in S2 and S3 (Additional
file 1: Table S3) (Fig. 4D).

Important phytochemicals in the seed oil of coriander

The means of both seasons (2022 and 2023) for
the important biological phytochemicals linalool,
y-terpinene, a-pinene, p-cymene, camphor, geranyl ace-
tate, and protein of coriander are illustrated in Additional
file 1: Table S4 and Fig. 5A, B, C, D, E, F, and G (for details
of two seasons, each alone is shown in Additional file 2:
Table S4). The findings revealed that the phytochemicals
present in the oil varied depending on the treatment and
their interactions. The levels of y-terpinene, a-pinene,
p-cymene, camphor, and geranyl acetate significantly
increased when the amount of salt stress increased to S3
(Fig. 5B, C, D, E, and F). However, the linalool and pro-
tein levels decreased significantly (Fig. 5A and G).

Cobalt and B. subtilis treatments alone or in combina-
tion had significant influences on the increase in linalool,
camphor, and protein levels relative to those in the con-
trol (Fig. 5A, E, and G). However, the same tendency was
not observed for the levels of y-terpinene and p-cymene,
as no significant differences were detected for their cor-
responding (cont.) (Fig. 5B and D). However, the levels
of a-pinene and geranyl acetate decreased significantly
(Fig. 5C and F). The varied concentrations of Co with Bs
reversed the negative effect of salinity, causing a reduc-
tion in linalool, camphor, and protein levels compared
with those of the stressed plants without such application
(Cont.) (Fig. 5A, E, and G). At varying levels of salt stress,
the lowest reductions in linalool, camphor, and pro-
tein levels were found in the Co2+ Bs treatment group.
Furthermore, Col performed similarly to the other

Fig. 3 Elemental contents; A nitrogen “N” (%), B phosphorus “P" (%), C potassium “K" (%), D sodium “Na" (%), E chlorine “Cl" (%), F K:Na ratio,

and G electrolyte leakage “EL" (%) of dry leaves in Coriandrum sativum L. cv. Balady as influenced by six salt stress protectants (SP), 15 ppm cobalt
(Co1),30 ppm (Co2), B. subtilis (Bs), (Co1 +Bs), (Co2 +Bs), and distilled water as a control (Cont.) and four levels of NaCl irrigation water salinity (SA);
tap water as a control S0=0.5,51=1.5,52=4, and S3=6 dS m.”". Bars with the same lowercase letters are not significantly different at the P<0.05
level. The data are presented as the mean + SE. The statistics are provided in additional file 1: Table S2
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Fig. 4 Determination of the activities of antioxidant enzymes: A superoxide dismutase “SOD" (U/mg protein); B catalase “CAT" (U/mg protein);

C malondialdehyde "MDA" (nmol g f wt™); D ascorbic acid "Asco” (mg 100 g f wt™"); and E proline "Pro” (ug 100 g d wt™') content in the leaves

of Coriandrum sativum L. cv. Balady, as influenced by six salt stress protectants (SP), 15 ppm cobalt (Co1), 30 ppm (Co2), B. subtilis (Bs), (CoT +Bs),
(Co2+Bs), and distilled water as a control (Cont.) and four levels of NaCl irrigation water salinity (SA); tap water as a control SO=0.5,S1=1.5,52=4,
and S3=6dS m.™". Bars with the same lowercase letters are not significantly different at the P<0.05 level. The data are presented as the mean +SE.

The statistics are provided in additional file 1: Table S3

Coriander yield parameters of seeds and oil

An increase in salinity to the greatest concentration
in both seasons significantly reduced the weight of the
seed yield per plant and the percentage of essential oil

treatments in terms of reducing the amounts of a-pinene
and geranyl acetate under varying levels of salt stress
(Fig. 5C and F).
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Fig. 5 Important biological phytochemicals related to the seed oil of Coriandrum sativum L. cv. Balady, A linalool (%), B y-terpinene (%), C a-pinene

(%), D p-cymene (%), E camphor (%),

and G protein (%) influenced by six salt stress protectants (SP), 15 ppm cobalt (Co1), 30

),

%

(

F geranyl acetate

ppm (Co2), B. subtilis (Bs), (Co1 +Bs), (Co2 +Bs), and distilled water as a control (Cont.) and four levels of NaCl irrigation water salinity (SA); tap water

6 dS m.”". Bars with the same lowercase letters are not significantly different at the £ < 0.05 level. The

0.5,51=15,52=4,and S3=
data are presented as the mean + SE. The statistics are provided in additional file 1: Table S5

as a control SO

The combination or combination of Co and Bs had a
significantly positive effect on both the weight of the seed

yield per plant and the percentage of essential oil yield

of the coriander plants,

yield of the coriander plants by approximately 42% and

35%, respectively. However,

the leaf oil percentage sig-

nificantly increased with increasing salinity up to the

regardless of salt stress. How-

highest concentration, reaching approximately 14%

in both seasons under the same amount of salt stress

ever, both the Co2 and (Col+Bs) treatments had the
same positive effect on preventing the leaf oil percentage
from decreasing. The interaction effect between salinity
and salt stress protection agent treatment had significant

(Additional file 1: Table S5) and (Fig. 6A, B, and C) (for

details of the two seasons, each alone in Additional

file 2: Table S5).
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Bars with the same lowercase letters are not significantly different at the P<0.05 level. The data are presented as the mean + SE. The statistics are

provided in additional file 1: Table S3

effects on the coriander yield, percentage of essential oil
yield, and leaf oil percentage (Additional file 1: Table S5)
(Fig. 6A, B, and C).

Under low, moderate, and high salinity (S1, S2, and
S3), (Co2+Bs) exhibited the greatest improvement,
but at the same level, in terms of seed yield per plant
and percentage of essential oil yield but not in leaf
oil percentage. The highest seed yield per plant and
the percentage of essential oil yield were obtained at
(Co2+Bs), followed by (Col+Bs) for the Coriander
plants even with the high salinity (S3). However, at the
same salt level, the Co2 treatments produced equiva-
lent results in terms of leaf oil percentage after (Cont.)
Under the unstressed salt treatment (S0) and (Co2 + Bs),
the highest values of seed yield per plant and percent-
age of essential oil yield were observed, followed by the
values in (Col+Bs) when compared with the corre-
sponding values (Cont.), Additional file 1: Table S5 and
Fig. 6A, B, and C (for details of two seasons, each alone
in Additional file 2: Table S5).

Discussion

Our results revealed significant negative responses of all
the recorded growth parameters, as well as morphologi-
cal, biochemical, and physiological processes, in corian-
der plants exposed to NaCl salt stress, which is more
harmful to plants than other salt-induced salinities. The

same results were reported by Dustgeer et al. [52] and
Sadak et al. [53] as they mentioned salt stress inhibits
plant growth quality and productivity in maize and white
lupine in a variety of ways, such as ionic and osmotic
imbalance; a lack of water and nutrient availability, such
as N, P, and K; decreased photosynthesis pigment syn-
thesis; and disturbance of photosynthetic activity, plant
cells experienced an instant response to salt stress, while
osmotic stress was brought on by ions surrounding roots
that inhibited their ability to absorb water, which causes
limited growth. The number of leaves, leaf length, shoot
fresh weight, root fresh weight, root dry weight, plant
fresh weight, plant dry weight, plant height, and SPAD
index were significantly lower as the salinity concentra-
tion increased in coriander [7, 49] and Moringa [4]; these
decreases in all growth parameters under salt stress
could be attributed to thylakoid enlargement, ion accu-
mulation, and functional abnormalities observed dur-
ing stoma closure and opening, as well as harm to the
photosynthetic machinery and chloroplast structure,
reactive oxygen species under salinity stress primarily
target chloroplasts, leading to the destruction of photo-
synthetic pigments and thylakoid membranes. Increased
salt ion accumulation not only impaired morphological
growth but also had a significant negative response to
the percentage of N, P, and K and the K:Na ratio in cori-
ander leaves; earlier research supported similar findings
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in coriander plants [49, 54]; this decrease may be due to
the low osmotic potential of the soil solution, overaccu-
mulation of Na and Cl in the cells, and competition with
Na, resulting in a significant positive response in the
percentage of electrolyte leakage [55]. Recent findings
have shown that increased salt ion accumulation causes
an increase in antioxidant defense mechanisms, such as
superoxide dismutase (SOD), catalase (CAT), and malon-
dialdehyde (MDA), and the accumulation of osmolytes,
such as proline, in all plant cells to maintain turgor pres-
sure, which is vital for cell expansion. However, Asco was
reduced, several authors have noted this occurrence [56—
58] in wheat and Hassanein et al. 2022 [59] in coriander.
According to these investigations, one of the reasons
why salinized coriander plants were unable to tolerate
salt stress was a decrease in Asco. Ascorbic acid is a tiny,
water-soluble antioxidant that plays an important role
in the cyclic pathway of H,0, enzymatic detoxification.
Furthermore, increased amino acid generation, particu-
larly proline generation, is indirectly associated with the
scavenging of oxidative stress and prevents cellular dam-
age by stimulating the production of several antioxidant
enzymes, such as SOD, CAT, and MDA, which are vital
for osmotic stress resistance in plants under abiotic stress
[60-63]. Acimovic et al. [64] studied coriander plants
and discovered that increasing the concentration of bio
compounds such as y-terpinene, a-pinene, p-cymene,
camphor, and geranyl acetate in fruit essential oils had a
significant response to abiotic stress, such as salinity, at
the maximum NaCl concentration. These results were
found to be in line with the current results. On the other
hand, protein levels decreased, which may be attrib-
uted to the rate of biosynthesis and degradation associ-
ated with N, P, and K accumulation, which decreased
as salt ion levels increased because these are important
nutrients that play a major role in protein synthesis and
metabolism in coriander plants. Additionally, reduced
linalool levels are correlated with increased salt stress and
abiotic stress [64, 65]; these findings are consistent with
the present study. Our results illustrated that salt stress
adversely affects the seed yield per plant (SYP) and essen-
tial oil yield (EOYS %), possibly due to limited macro and
micronutrient availability; in particular, the adsorption of
N, P, and K under increased salt stress causes a decrease
in the biosynthesis of amino acids, which subsequently
negatively affects the growth rate; the relative content of
leaf water, protein, and chlorophyll contents in coriander
plants; the exchange of gases with the net CO, accept-
ance rate; the photosynthesis efficiency; the transpiration
rate, all of which are required for flowering and pollina-
tion; and even the eventual transfer of assimilates and fill-
ing of seeds (SYP and EOQYS) [66—68]. In contrast, when
LO levels increase, a greater LO quantity under saline
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conditions could be connected to an increase in the num-
ber and density of oil glands [69].

In this study, the preventative effects of Bs and Co
on coriander plants exposed to salt stress were investi-
gated and compared. When coriander plants growing
under salt stress were treated with Co or Bs, whether
together or separately, our results revealed a significant
positive response of all the recorded growth parameters;
the number of leaves, leaf length, shoot fresh weight,
root fresh weight, root dry weight, plant fresh weight,
plant dry weight, plant height, and SPAD index when
compared to those of nontreated plants; however, the
concentration of Co applied to the plant also played an
important role. Several studies have shown that some
halophilic Bacillus species, as dominant bacterial genera
under salt stress, act by externally protecting the cell wall,
endospore-forming capacity, healthy cell membrane, and
enzymatic mechanisms to handle and regulate environ-
mental dangers. Furthermore, Bs exhibit a variety of met-
abolic and adaptable reactions to varied water supplies,
water consumption efficiencies, available N, P, K oxygen,
and organic/inorganic materials [70] in Capsicum [71].
Species such as B. subtilis potentially minimize soil N loss
[72]; accelerate N uptake and transport [73]; and produce
indole-3-acetic acid (IAA), cytokinins, siderophores, and
gibberellins, which tend to promote plant growth char-
acteristics by encouraging significant cell division, pro-
liferation, and differentiation in the meristematic area;
light and gravity responses; root and shoot initiation,
development and elongation; vegetative growth; and
yield development [74, 75]. Along with the endogenous
IAA content, bacterial IAA loosens plant cell walls;
induces cell division in plants; leads to the production
of ACC deaminase; decreases plant ethylene levels; and
changes in root form and development; increases surface
area, volume, and length; and promotes indole-medi-
ated signaling [76] in Withania somnifera, which allows
the plant to obtain nutrients effectively under salt stress
conditions and C-N metabolism control; and improves
the conversion of inorganic N to amino acids, resulting
in significant plant growth stimulation [77-80]. Trypto-
phan is the primary precursor of bacterial indole chemi-
cal products detected in root secretions, and it enhances
protein synthesis and RNA polymerase activity [81, 82].
Jie et al. [83], preserve ionic equilibrium in plants under
salt stress by enhancing the preferential absorption of K
over Na into stressed plant root xylem; increasing or reg-
ulating K+ /Na+ ratios; and increasing phosphorus and
iron availability, all of which significantly increase plant
growth parameters, fresh root weight, dry root weight
in blackberry plants [84], yield, and quality of several
medicinal plants [85, 86]. Vardharajula et al. [87] stud-
ied Zea mays, Chun et al. [88] tomatoes, Yasmeen et al.
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[89] sunflower plants, Medeiros and Bettiol [90] reported
that Bs not only increased amino acid and carbohydrate
uptake and buildup, which may act as essential N and/
or C suppliers for increased production of proteins and
peptides but also reduced the antioxidant activity of
enzymes, such as CAT, SOD, and MDA, in Camellia sin-
ensis and quinoa [72, 84]. However, as the Asco concen-
tration increased, the Asco concentration significantly
influenced the defense system of the plants. Additionally,
Bs significantly reduced proline buildup and electrolyte
leakage; these findings are consistent with our present
findings. Consequently, proteins trigger protoplasm and
vegetative growth, and more nitrogen is provided. More-
over, a plant with several leaves can produce a significant
amount of seeds and essential oils [91] in Coriandrum
sativum [92] Foeniculum vulgare [93] and chamomile
plants as demonstrated by the high fresh and dry weight,
and height [70, 94]. Furthermore, phosphate-solubilizing
bacteria enhance grain yield, herbage and oil yield, chlo-
rophyll, and photosynthetic leaf area but decrease the
number, diameter, and distribution of glandular hairs per
leaf where oil is produced and preserved, resulting in a
decrease in leaf oil in Mentha piperita medicinal plants
under stress [95]. Bacterial growth regulators may con-
trol the majority of metabolic and physiological activi-
ties, including metabolic rates and essential oil synthesis,
in medicinal and aromatic plants. Moreover, increasing
concentrations of essential oil can increase the quantity
of essential oil [96] in Ocimum [97] in Salvia and [98]
in ajwain and change the composition of essential oil,
impacting the process of terpenoid biosynthesis to gener-
ate a stress factor that triggers defense mechanisms [74].
Secondary metabolite regulation or accumulation and
flavonoid, phenolic, and hydrogen peroxide accumulation
in plants are indicators of healthy adaptation to stress, as
these compounds coordinate osmotic balance, preserve
cytoplasmic macromolecules from water loss, and act
as free radical scavengers [99]. Our results revealed that
Bs significantly increased the levels of major essential oil
components, which is consistent with the findings of sev-
eral studies; for example, the levels of linalool in Mentha
piperita [100] and Ocimum basilicum [101]; the contents
of camphor in Salvia officinalis [102]; and the contents of
geranyl acetate [103], the increase in essential oil com-
ponents may be correlated with macronutrients; N, P, K
availability; uptake [104]; and plant cells [105] in Men-
tha piperita [106] in basil, which fix free atmospheric
nitrogen through leaves and roots [31, 107]. However,
the amount of a-pinene fluctuates toward lower con-
centrations and has no significant effect on the levels of
y-terpinene or p-cymene in O. syriacum [108].

Our findings revealed that the level of Co had a sig-
nificant impact on improving the NL, LL, SEW, PFW,
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REFW, RDW, PDW, Ph, and chlorophyll content during
coriander plant growth compared with those of the con-
trol, and treatment with 30 ppm Co (Co2) outperformed
treatment with 15 ppm Co (Col). This difference may be
attributed to the increase in root N, P, and Kt uptake;
increase in K* content; and decrease in Na, Cl, and elec-
trolyte leakage in leaves, which were also observed in our
study and are important for coriander plant resistance
to salt stress. Recent studies have additionally demon-
strated that the effect of Co on growth is connected to
a rise in the macronutrient levels of stressed plants in
Bhendi [109], stimulating hormone synthesis (increased
expression of auxins and gibberellins) and decreasing
the activity of several enzymes (catalase and peroxidase),
thus enhancing anabolism and reducing catabolism [18,
110]. Co is an essential micronutrient for vitamin B, [17]
and is necessary for various enzymes and proteins and
regulates N2 fixation and cell balance through interac-
tions with other critical micronutrients, such as iron (Fe),
nickel (Ni), and zinc (Zn), in plant metabolism [24, 111].
Co significantly impacts methionine synthesis, which in
turn promotes protein synthesis, ribonucleotide reduc-
tase is a vitamin B;,-dependent enzyme that converts
ribonucleotides to deoxyribonucleotides, a process that
reduces the rate of DNA synthesis [112]. Peroxidases are
isoenzymes that catalyze redox reactions, including the
breakdown of hydrogen peroxide. Han et al. [113] dis-
covered that Co affects peroxidase efficiency by binding
to certain amino acids near the enzyme’s active regions
in horseradish. Co reduces the activity of the antioxidant
enzymes SOD, CAT, and MDA. This difference may be
responsible for the decrease in ROS levels resulting from
CO application [114, 115]. Its application to coriander
plants enhances the levels of nonenzymatic antioxidants
such as Asco and Pro in response to increasing Co con-
centrations [116], which are also useful for decreasing
injury to the cell membrane via oxidative stress because
of their antioxidative activity in plants [117]. Co treat-
ments have been shown to increase coriander herb yield;
mineral and phytochemical contents; and seed oil con-
stituents, such as linalool, SYP, LO, and EOYS, while also
preserving y-terpinene, p-cymene, camphor, and geranyl
acetate compared to those of control plants [118]. This
could be due to numerous stimulating effects on hor-
monal synthesis and metabolism, which are ascribed to
catalase and peroxidase activities that improve all devel-
opment indices of Lemongrass (Cymbopogon citratus)
[119] and peppermint [120], these results were confirmed
to be consistent with the existing results.

Salt stress inhibits plant root growth and develop-
ment, leading to reduced nutrient uptake. We noticed
that, compared with the other treatments of eco-safe
salt stress protection agents, the interaction of Co
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at 30 ppm with Bs had synergistic effects on most of
the growth parameters and characteristics of corian-
der plants, particularly those under significant salt
level stress. Several studies have shown that cobalt
[CoSO,.7 H,O] and Bacillus subtilis play independ-
ent roles [121]. The beneficial effects of the combined
treatment could be attributed to the fact that particu-
lar bacteria demand submicromolar levels of cobalt for
growth and have specific systems for cobalt absorption,
release, and transcriptional modification that preserve
cobalt homeostasis [122]. Adding cobalt to the Bacil-
lus environment increases the capacity of bacteria to
create extracellular alkaline phosphatase [123]. The
concentration of cobalt is associated with its ability to
promote the synthesis of alkaline phosphatase, which
accounts for a large portion of all proteins produced
during the late logarithmic and initial stationary stages
of development [124]. However, the effect of cobalt in
combination with Bacillus subtilis on optimizing the
productivity of medicinal and aromatic plants under
salt stress has rarely been studied. Taken together,
the results of the present study showed the combined
effects of bacteria and cobalt, especially the combined
effects of Co2+Bs, and the optimal results may be
attributed to the rapid release of available nitrogen syn-
thesized by root rhizobia to the plant during vegetative
growth; high soil nitrogen fixation; rapid availability of
N, P, and K in the rhizosphere; decreased aggregation
and absorption of Nat and CI~; and osmotic correction
of the Nat/K' ratio, which increases photosynthesis
pigments, such as total chlorophyll, NL, LL, SEW, REW,
RDW, PEW, PDW, Ph, and chlorophyll content, from
improved nodulation; the same results were reported
previously [125, 126]. In addition, plant phytohor-
mones, indole-3-acetic acid (IAA), cytokinins, sidero-
phores, and gibberellins are modified and produced
under environmental stress [127, 128], and protein
synthesis and RNA polymerase activity are enhanced,
encouraging significant cell division, proliferation, and
differentiation in the meristematic area [129, 130]. cell
balance through interactions with other critical micro-
nutrients; decrease in ROS levels; CAT, SOD, MDA,
and proline levels; and electrolyte leakage [71, 131].
The yield, quality, and therapeutic value of the corian-
der essential oil are based on its linalool, y-terpinene,
p-cymene, camphor, and protein contents. It is crucial
for the cultivation of one of the most economically
significant medicinal and aromatic plants, particularly
when exposed to salt stress. Our results showed that
Co and Bs, either together or individually, increase the
amount of these compounds as well as yield. This dif-
ference may be related to the superior ability of these
materials to reduce Na* and Cl~ in coriander leaves.
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Shahid et al. [132] and Ha-Tran et al. [133] reported
that reducing Na™ and Cl~ in plants significantly con-
tributes to yield improvement under salinity stress.

Conclusion

The protective effects of eco-safe Bs and Co under salt
stress have been evaluated through comparisons of cori-
ander plant herb growth, yield, essential oil productiv-
ity, and physiological and phytochemical responses.
Our unique findings revealed that the combination of
Bs with Co (30 ppm) can significantly minimize salt
stress-induced damage and optimize the growth of cori-
ander plants through the reduction of ROS-scavenging
enzymes such as SOD, CAT, and MDA and non-enzyme
such as proline while preserving ascorbic acid and vital
nutrient levels and enhancing plant osmotic potential to
buffer salt stress. Concurrently, the seed yield per plant,
leaf oil yield, essential oil yield, and quality have been
indicated by the high quantities of the vital biological
phytochemicals linalool, y-terpinene, camphor, gera-
nyl acetate, and protein. Furthermore, the protective
effect of the Bs treatment was greater than that of the
Co treatment (30 ppm or 15 ppm) in lowering the Na™*
and CI~ contents, which may lead to greater total yield
and quality under excessive salt stress. This investigation
provides vital details regarding the role of Co in redox
homeostasis and the involvement of Bs in optimizing
the quality and quantity of coriander plant productiv-
ity under salt stress. Interestingly, further investigations
are suggested to clarify the exact mechanism of action of
the dual impact of Bs and Co on medicinal and aromatic
plant salt stress tolerance.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/512870-024-05517-3.

Additional file 1.
Additional file 2.

Acknowledgements

The authors express their deep gratitude to the Horticulture Department,
Agriculture Faculty, Damanhour University, Egypt, and the Department of
Floriculture Faculty of Agriculture, Alexandria University, Egypt, for providing
the infrastructure, laboratories to conduct this study, chemicals, nurseries, and
all the facilities to help accomplish this research.

Authors’ contributions

SHB and ARO visualized, designed, and supervised the study; SHB, HME-N,
MM, and ARO performed the experiments and statistically analyzed the data;
and SHB, ARO, HME-N, and MM wrote and proofread the final paper. All the
authors have read and approved the published version of the manuscript.


https://doi.org/10.1186/s12870-024-05517-3
https://doi.org/10.1186/s12870-024-05517-3

Brengi et al. BMC Plant Biology ~ (2024) 24:848

Funding

Open access funding provided by The Science, Technology & Innovation
Funding Authority (STDF) in cooperation with The Egyptian Knowledge Bank
(EKB). This research received no external funding.

Availability of data and materials
This published paper and the supplementary data contain all the data created
or analyzed during this investigation.

Declarations

Ethics approval and consent to participate

Not applicable. All the authors declare and certify that all the work done in this
research is the author’s original work, has not been submitted to any other
journal for publication, and that the paper is not considered for publication
elsewhere. All the data in this paper are original and reflect the active contri-
butions of the author and coauthor leading to the manuscript.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

'Department of Horticulture, Faculty of Agriculture, Damanhour University,
Damanhour, Beheira 22516, Egypt. “Department of Floriculture, Faculty

of Agriculture, Alexandria University (El-Shatby), Alexandria 21545, Egypt.

Received: 23 April 2024 Accepted: 12 August 2024
Published online: 10 September 2024

References

1. Sadak MS, Dawood MG, El-Awadi MES. Changes in growth, photo-
synthetic pigments and antioxidant system of Hordeum vulgare plant
grown under salinity stress via signal molecules application. Vegetos.
2024. https://doi.org/10.1007/542535-024-00879-3.

2. Sadak MS, Dawood MG. Biofertilizer role in alleviating the deleterious
effects of salinity on wheat growth and productivity. Gesunde Pflanzen.
2023;75:1207-19. https://doi.org/10.1007/510343-022-00783-3.

3. Sadak MS, Hanafy RS, Elkady FMAM, Mogazy AM, Abdelhamid MT.
Exogenous calcium reinforces photosynthetic pigment content and
osmolyte, enzymatic, and non-enzymatic antioxidants abundance and
alleviates salt stress in bread wheat. Plants. 2023;12:1532. https://doi.
0rg/10.3390/plants12071532.

4. Osman A, El-Naggar H. Enhancing salinity stress tolerance and phe-
nylalanine ammonia-lyase gene activity using osmolytes in Moringa
seedling production. Ann Agric Sci. 2022;67:127-35. https://doi.org/10.
1016/j.a0a5.2022.06.002.

5. Lastochkina O, Pusenkova L, Yuldashev R, Babaev M, Garipova S,
Blagova D, Khairullin R, Aliniaeifard S. Effects of Bacillus subtilis on some
physiological and biochemical parameters of Triticum aestivum L.
(wheat) under salinity. Plant Physiol Biochem. 2017;121:80. https://doi.
0rg/10.1016/j.plaphy.2017.10.020.

6. Ke J,Wang B, Yoshikuni Y. Microbiome engineering: synthetic biology
of plant-associated microbiomes in sustainable agriculture. Trends
Biotechnol. 2021;39:244-61. https://doi.org/10.1016/].tibtech.2020.07.
008.

7. DibyajyotiN, Selvi AD, Thiyageshwari S, Anandham R, Venkatesan K. Sili-
con sources and bacterial inoculants on growth parameters, leaf yield,
quality of Coriander (Coriandrum sativum L.) and soil adsorbed silicon
in sandy loamy soil. Int J Plant Soil Sci. 2022;34(22):194-208. https://doi.
0rg/10.9734/ijpss/2022/v34i2231372.

8. Ek-Ramos MJ, Gomez-Flores R, Orozco-Flores AA, Rodriguez-Padilla
C, Gonzélez-Ochoa G, Tamez-Guerra P. Bioactive products from

20.

21.

22.

23.

24.

25.

Page 150f 18

plant-endophytic gram-positive bacteria. Front Microbiol. 2019;10:463.
https://doi.org/10.3389/fmicb.2019.00463.

Gl V, Oztiirk E. The effect of different microbial fertilizer doses on yield
and yield components in coriander (Coriandrum sativum L.). Acta Sci
Pol Hortorum Cultus. 2021;20(4):59-67. https://doi.org/10.24326/asphc.
20214.5.

Sayed SA, Atef AS, Soha E. Response of three sweet basil cultivars to
inoculation with Bacillus subtilis and arbuscular mycorrhizal fungi under
salt stress conditions. Nat Sci. 2011;9(6):31-36. https://api.semanticsc
holar.org/CorpuslD:89408648.

Mohamed HI, Gomaa EZ. Effect of plant growth promoting Bacillus sub-
tilis and Pseudomonas fluorescens on growth and pigment composition
of radish plants (Raphanus sativus) under NaCl stress. Photosynthetica.
2012,50(2):263-72. https://doi.org/10.1007/511099-012-0032-8.

Para S, Thulasi MS, Penchalaneni J, Challagundla VN. Antibacterial activ-
ity and phytochemical analysis of Mentha piperita L. (Peppermint)—An
important multipurpose medicinal plant. Am J Plant Sci. 2013;4:77-83.
https://doi.org/10.4236/ajps.2013.41012.

Egamberdieva D, Jabborova D. Efficiency of phytohormone-
producing Pseudomonas to improve salt stress tolerance in Jew's
Mallow (Corchorus olitorius L.). Plant-growth-promoting Rhizobacteria
(PGPR) and Medicinal Plants. 2015;201-13. https://doi.org/10.1007/
978-3-319-13401-7_9.

Kumar A, Monika S, Prem PS, Sandeep KS, Pawan KS, Kapil DP. Isolation
of plant growth promoting rhizobacteria and their impact on growth
and curcumin content in Curcuma longa L. Biocatal Agri Biotechnol.
2016;8:1-7. https://doi.org/10.1016/j.bcab.2016.07.002.

Abdel-Rahman SSA. Adverse effects of salt stress on root ability of
Rosmarinus officinalis cuttings and their alleviation by indole-3-butyric
acid (IBA) and Bacillus subtilis. Egypt J Hort. 2019;46(2):279-293. https://
doi.org/10.21608/ejoh.2019.18698.1121.

Jabborova D, Enakiev Y, Sulaymanov K, Kadirova D, Ali A, Annapurna

K. Plant growth promoting bacteria Bacillus subtilis promote growth
and physiological parameters of Zingiber officinale. Plant Sci Today.
2021;8(1):66-71. https://doi.org/10.14719/pst.2021.8.1.997.

Osman D, Cooke A, Young T, Deery E, Robinson N, Warren M. The
requirement for cobalt in vitamin B12: a paradigm for protein metala-
tion. BBA-Mol Cell Res. 2021;1868: 118896. https://doi.org/10.1016/j.
bbamcr.2020.118896.

Nadia G, Nagwa MKH, El Sayed SAA. Influence of cobalt on tolerating
climatic change (salinity) in onion plant with reference to physiological
and chemical approach. Plant Archiv. 2020;20(1):1496—1500. https://api.
semanticscholar.org/Corpus|D:228083184.

Akeel A, Jahan A. Role of cobalt in plants: Its stress and alleviation. Con-
taminants in Agriculture. Imp Manag. 2020;339-357. https://doi.org/10.
1007/978-3-030-41552-5_17.

Brengi SH, Abd-Allah EMK; Ibrahim AA. Effect of melatonin or cobalt

on growth, yield and physiological responses of cucumber (Cucumis
sativus L) plants under salt stress. J Saudi Soc Agri Sci. 2022;21(1):51-60.
https://doi.org/10.1016/jjssas.2021.06.012.

Elshamly AMS, Nassar SMA. The impacts of applying cobalt and
chitosan with various water irrigation schemes at different growth
stages of corn on macronutrient uptake, yield, and water use effi-
ciency. J Soil Sci Plant Nutr. 2023;23:2770-85. https://doi.org/10.1007/
$42729-023-01233-3.

Elshamly AMS. Cobalt combined with potassium humate as beneficial
applications in alleviating water stress impacts on groundnut during
sensitive growth stages. J Soil Sci Plant Nut. 2023,;23:4505-20. https://
doi.org/10.1007/542729-023-01367-4.

Hulya T. Cobalt+Salt-Stressed Salvia officinalis: ROS scavenging capacity
and antioxidant potency. Intern J Second Metab. 2019;6(1):49-61.
https://doi.org/10.21448/ijsm.484954.

Hu X, Wei X, Ling J, Chen J. Cobalt: an essential micronutrient for plant
growth? Front Plant Sci. 2021;12: 768523. https://doi.org/10.3389/fpls.
2021.768523.

Alhammad BA, Saleem K, Asghar MA, Raza A, Ullah A, Faroog TH, Yong
JWH, Xu F, Seleiman MF, Riaz A. Cobalt and titanium alleviate the
methylglyoxal-induced oxidative stress in Pennisetum divisum seedlings
under saline conditions. Metabolites. 2023;13:1162. https://doi.org/10.
3390/metabo13111162.


https://doi.org/10.1007/s42535-024-00879-3
https://doi.org/10.1007/s10343-022-00783-3
https://doi.org/10.3390/plants12071532
https://doi.org/10.3390/plants12071532
https://doi.org/10.1016/j.aoas.2022.06.002
https://doi.org/10.1016/j.aoas.2022.06.002
https://doi.org/10.1016/j.plaphy.2017.10.020
https://doi.org/10.1016/j.plaphy.2017.10.020
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.1016/j.tibtech.2020.07.008
https://doi.org/10.9734/ijpss/2022/v34i2231372
https://doi.org/10.9734/ijpss/2022/v34i2231372
https://doi.org/10.3389/fmicb.2019.00463
https://doi.org/10.24326/asphc.2021.4.5
https://doi.org/10.24326/asphc.2021.4.5
https://api.semanticscholar.org/CorpusID:89408648
https://api.semanticscholar.org/CorpusID:89408648
https://doi.org/10.1007/s11099-012-0032-8
https://doi.org/10.4236/ajps.2013.41012
https://doi.org/10.1007/978-3-319-13401-7_9
https://doi.org/10.1007/978-3-319-13401-7_9
https://doi.org/10.1016/j.bcab.2016.07.002
https://doi.org/10.21608/ejoh.2019.18698.1121
https://doi.org/10.21608/ejoh.2019.18698.1121
https://doi.org/10.14719/pst.2021.8.1.997
https://doi.org/10.1016/j.bbamcr.2020.118896
https://doi.org/10.1016/j.bbamcr.2020.118896
https://api.semanticscholar.org/CorpusID:228083184
https://api.semanticscholar.org/CorpusID:228083184
https://doi.org/10.1007/978-3-030-41552-5_17
https://doi.org/10.1007/978-3-030-41552-5_17
https://doi.org/10.1016/j.jssas.2021.06.012
https://doi.org/10.1007/s42729-023-01233-3
https://doi.org/10.1007/s42729-023-01233-3
https://doi.org/10.1007/s42729-023-01367-4
https://doi.org/10.1007/s42729-023-01367-4
https://doi.org/10.21448/ijsm.484954
https://doi.org/10.3389/fpls.2021.768523
https://doi.org/10.3389/fpls.2021.768523
https://doi.org/10.3390/metabo13111162
https://doi.org/10.3390/metabo13111162

Brengi et al. BMC Plant Biology

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2024) 24:848

Shahwar MK, EI-Ghorab AH, Anjum FM, Butt MS, Hussain S, Nadeem M.
Characterization of coriander (Coriandrum sativum L.) seeds and leaves:
Volatile and nonvolatile extracts. Int J Food Prop. 2012;15:736-747.
https://doi.org/10.1080/10942912.2010.500068.

Kadioglu B. Effect of Bacillus sp. application on the germination of
coriander (Coriandrum sativum L.) under salt stress. Mus Alparslan Univ J
Agri Nature. 2023;3(2):102-108. https://doi.org/10.59359/maujan.12886
69.

Bhuiyan MNI, Begum J, Sultana M. Chemical composition of leaf and
seed essential oil of Coriandrum sativum L. from Bangladesh. Bangla-
desh J Pharmacol. 2009;4:150-153. https://doi.org/10.3329/bjp.v4i2.
2800.

Nadeem M, Fagir MA, Muhammad IK, Tehseen S, EI-Ghorab A, Javed IS.
Nutritional and medicinal aspects of coriander (Coriandrum sativum L.):
A Review. Br Food J. 2013;115:743-755. https://doi.org/10.1108/00070
701311331526.

Sarkic A, Stappen I. Essential oils and their single compounds in
cosmetics—A critical review. Cosmetics. 2018;5:11. https://doi.org/10.
3390/cosmetics5010011.

Gakmakgel R, Mosber G, Milton AH, Firat A, Baboo A. The Effect of

Auxin and auxin-producing bacteria on the growth, essential oil yield,
and composition in medicinal and aromatic plants. Curr Microbiol.
2020,77:564-77. https://doi.org/10.1007/500284-020-01917-4.

Aftab A, Haider MA, Ali Q, Malik A. Genetic evaluation for morphological
traits of coriandrum sativum grown under salt stress. Biol Clin Sci Res J.
2021;2021:52. https://doi.org/10.54112/bcsrj.v2021i1.52.

Al-Khayri JM, Banadka A, Nandhini M, Nagella P, Al-Mssallem MQ, Alessa
FM. Essential oil from Coriandrum sativum: A review on its phytochem-
istry and biological activity. Molecules. 2023;28:696. https://doi.org/10.
3390/molecules28020696.

Page A, Miller R, Keeneny D. Methods of soil analysis. Part 2. Chemical
and microbiological properties. 2nd edition. Agron. Madison, Wiscon-
sin, USA. 1982;9. https://https://doi.org/10.2134/agronmonogr9.2.2ed.
Jackson ML. Soil chemical analysis. Prentice Hall of India Pvt. Ltd., New
Delhi. 1958;205. https://api.semanticscholar.org/CorpusiD:96801453.
Cottenie A. Soil and plant testing as a basis of fertilizer recommenda-
tion. FA.O. Soil Bull. 1980. https://api.semanticscholar.org/CorpuslD:
128551876.

Baker WH, Thompson TL. Determination of total nitrogen in plant
samples by Kjeldahl. In plant analysis reference for the southern region
of the United States, southern cooperative series, bulletin #368; The
University of Georgia: Athens, GA. 1992;368:13-16] http://www.cropsoil.
uga.edu/~oplank/sera368.pdf.

Cottenie A, Verloo M, Kiekens L, Velgh G, Camerlynk R. Chemical analysis
of plants and soils. lab. Agroch. State Univ. Gent, Belgium. 1982;63:44—
45. https://api.semanticscholar.org/Corpus|D:134929157.

Krul ES. Calculation of Nitrogen-to-Protein Conversion Factors: A Review
with a Focus on Soy Protein. J Am Oil Chem Soc. 2019;96:339-64.
https://doi.org/10.1002/a0cs.12196.

Lutts S, Bouharmont J, Kinet JM. Physiological characterisation of salt-
resistant rice (Oryza sativa) somaclones. Aust J Botany. 1999,47(6):835-
49. https://doi.org/10.1071/bt97074.

GaoY, Fang L, Wang X, Lan R, Wang M, Du G, Zhao H. Antioxidant activ-
ity evaluation of dietary flavonoid hyperoside using saccharomyces
cerevisiae as a model. Molecules. 2019;24(4):788. https://doi.org/10.
3390/molecules24040788.

Aebi H. Catalase in vitro Meth Enzymol. 1984;105:121-6. https://doi.org/
10.1016/50076-6879(84)05016-3.

Gérard-Monnier D, Erdelmeier |, Régnard K, Moze-Henry N, Yadan JC,
Chaudiére J. Reactions of 1-Methyl-2- phenylindole with malondialde-
hyde and 4-Hydroxyalkenals. Analytical applications to a colorimetric
assay of lipid peroxidation. Chem Res Toxicol. 1998;11:1176-1183.
https://doi.org/10.1021/tx9701790.

Agarwal PK. Role of protein dynamics in reaction rate enhancement by
enzymes. J Am Chem Soc. 2005;127(43):15248-56. https://doi.org/10.
1021/ja0552515.5001.

Bradford MM. A rapid and sensitive method for the quantification of
protein dye binding. Analy Biochem. 1976;72:248-54. https://doi.org/
10.1016/0003-2697(76)90527-3.

Srivastava A, Singh SK. Determination of vitamin C in chemical, phar-
maceutical and biological samples by spectrophotometric titrimetry

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 16 of 18

with o-diacetoxyiodobenzoate. Analysis of mixtures of vitamin C with
methionine and cysteine or glutathione. Analyst. 1988;113(2):259-262]
https://doi.org/10.1039/AN98813FX005.

Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for
water-stress studies. Plant Soil. 1973;39:205-7. https://doi.org/10.1007/
BF00018060.

Guenther E, Kulka K, Rogers JA. Essential Oils and Related Products. Anal
Chem. 1961;(4). https://doi.org/10.1021/ac60173a004.

El-Kinany RG, Berengi SHM, Nassar ANK, El-Batal A. Enhancement of
plant growth, chemical composition and secondary metabolites of
essential oil of salt-stressed coriander (coriandrum sativum 1) plants
using selenium, nanoselenium, and glycine betaine. Sci J Flowers
Ornam Plants. 2019;6(3):151-173. https://doi.org/10.21608/sjfop.2019.
84973.

El-Massry KF, Farouk A, Abou-Zeid M. Free radical scavenging activity
and lipoxygenase inhibition of rosemary (Rosmarinus Officinalis L) vola-
tile oil. J Ess Oil Bear Plants. 2008;11(5):536-43. https://doi.org/10.1080/
0972060X.2008.10643663.

CoStat. CoStat-Statistics Software version 6.400. Monterey: CoHort
Software; 2008.

Dustgeer Z, Seleiman MF, Khan I, Chattha MU, Ali EF, Alhammad BA,
Jalal RS, Refay Y, Hassan MU. Glycine-betaine induced salinity tolerance
in maize by regulating the physiological attributes, antioxidant defense
system and ionic homeostasis. Not Bot Horti Agrobot Cluj-Napoca.
2021;49:12248. https://doi.org/10.15835/nbha49112248.

Sadak MS. Physiological role of arbuscular mycorrhizae and vitamin B1
on productivity and physio-biochemical traits of white lupine (Lupi-
nus termis L.) under salt stress. Gesunde Pflanzen. 2023;75:1885-1896.
https://doi.org/10.1007/510343-023-00855-y.

Elhindi KM, El-Hendawy S, Abdel-Salam E, Schmidhalter U, Rehman'S,
Hassan AA. Foliar application of potassium nitrate affects the growth
and photosynthesis in coriander (Coriander sativum L.) plants under
salinity. Prog Nut. 2016;18(1):63-73.

Hnilickova H, Hnili¢ka F, Martinkova J, Kraus K. Effects of salt stress on
water status, photosynthesis and chlorophyll fluorescence of rocket.
Plant Soil Environ 2017,63(8):362-7. https://doi.org/10.17221/398/
2017-PSE.

Sadak MS, Sekara A, Al-ashkar I, Habib-ur-Rahman M, Skalicky M, Brestic
M, Kumar A, Sabagh AE, Abdelhamid MT. Exogenous aspartic acid alle-
viates salt stress induced decline in growth by enhancing antioxidants
and compatible solutes while reducing reactive oxygen species in
wheat. Front Plant Sci. 2022;13: 987641. https://doi.org/10.3389/fpls.
2022.987641.

Akyol TY, Yilmaz O, Uzilday B, Uzilday RO, Turkan I. Plant response

to salinity: an analysis of ROS formation, signaling, and antioxidant
defense. Turk J Bot. 2020;44:1-13. https://doi.org/10.3906/bot-1911-15.
Al-Ashkar |, Alderfasi A, Ben RW Seleiman MF, EI-Said RA, Al-Doss A.
Morphological and genetic diversity within salt tolerance detection in
eighteen wheat genotypes. Plants. 2020;9:287. https://doi.org/10.3390/
plants9030287.

Hassanein RA, Hussein OS, Farag |A, Hassan YE, Abdelkader AF, Ibrahim
M. Salt-stressed coriander (Coriandrum sativum L.) responses to
potassium silicate, humic acid and gamma irradiation pretreatments.
Agronomy. 2022;12:2268. https://doi.org/10.3390/agronomy12102268.
Sadak MS. Biochemical responses of white termis to pyridoxine

and mycorrhizae treatment under salinity stress. Egypt J Chem.
2022;65(10):429-439. https://doi.org/10.21608/ejchem.2022.118032.
5319.

Gupta A, Mishra R, Rai S, Bano A, Pathak N, Fujita M, Kumar M, Hasanuz-
zaman M. Mechanistic insights of plant growth promoting bacteria
mediated drought and salt stress tolerance in plants for sustainable
agriculture. Int J Mol Sci. 2022;23:3741. https://doi.org/10.3390/ijms2
3073741.

Ragaey MM, Sadak MS, Dawood MFA, Mousa NHS, Hanafy RS,

Latef AAHA. Role of signaling molecules sodium nitroprusside and
arginine in alleviating salt-induced oxidative stress in wheat. Plants.
2022;11:1786. https://doi.org/10.3390/plants11141786.

Abd El-Hameid AR, Sadak MS. Impact of glutathione on enhancing
sunflower growth and biochemical aspects and yield to alleviate salin-
ity stress. Biocatal Agric Biotechnol. 2020;29: 101744. https://doi.org/10.
1016/j.bcab.2020.101744.


https://doi.org/10.1080/10942912.2010.500068
https://doi.org/10.59359/maujan.1288669
https://doi.org/10.59359/maujan.1288669
https://doi.org/10.3329/bjp.v4i2.2800
https://doi.org/10.3329/bjp.v4i2.2800
https://doi.org/10.1108/00070701311331526
https://doi.org/10.1108/00070701311331526
https://doi.org/10.3390/cosmetics5010011
https://doi.org/10.3390/cosmetics5010011
https://doi.org/10.1007/s00284-020-01917-4
https://doi.org/10.54112/bcsrj.v2021i1.52
https://doi.org/10.3390/molecules28020696
https://doi.org/10.3390/molecules28020696
https://doi.org/10.2134/agronmonogr9.2.2ed
https://api.semanticscholar.org/CorpusID:96801453
https://api.semanticscholar.org/CorpusID:128551876
https://api.semanticscholar.org/CorpusID:128551876
http://www.cropsoil.uga.edu/~oplank/sera368.pdf
http://www.cropsoil.uga.edu/~oplank/sera368.pdf
https://api.semanticscholar.org/CorpusID:134929157
https://doi.org/10.1002/aocs.12196
https://doi.org/10.1071/bt97074
https://doi.org/10.3390/molecules24040788
https://doi.org/10.3390/molecules24040788
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1021/tx9701790
https://doi.org/10.1021/ja055251s.s001
https://doi.org/10.1021/ja055251s.s001
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1016/0003-2697(76)90527-3
https://doi.org/10.1039/AN98813FX005
https://doi.org/10.1007/BF00018060
https://doi.org/10.1007/BF00018060
https://doi.org/10.1021/ac60173a004
https://doi.org/10.21608/sjfop.2019.84973
https://doi.org/10.21608/sjfop.2019.84973
https://doi.org/10.1080/0972060X.2008.10643663
https://doi.org/10.1080/0972060X.2008.10643663
https://doi.org/10.15835/nbha49112248
https://doi.org/10.1007/s10343-023-00855-y
https://doi.org/10.17221/398/2017-PSE
https://doi.org/10.17221/398/2017-PSE
https://doi.org/10.3389/fpls.2022.987641
https://doi.org/10.3389/fpls.2022.987641
https://doi.org/10.3906/bot-1911-15
https://doi.org/10.3390/plants9030287
https://doi.org/10.3390/plants9030287
https://doi.org/10.3390/agronomy12102268
https://doi.org/10.21608/ejchem.2022.118032.5319
https://doi.org/10.21608/ejchem.2022.118032.5319
https://doi.org/10.3390/ijms23073741
https://doi.org/10.3390/ijms23073741
https://doi.org/10.3390/plants11141786
https://doi.org/10.1016/j.bcab.2020.101744
https://doi.org/10.1016/j.bcab.2020.101744

Brengi et al. BMC Plant Biology

64.

65.

66.

67.

68.

69.

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

(2024) 24:848

Acimovic M, Cvetkovic M, Stankovic J. Effect of weather conditions,
location and fertilization on coriander fruit essential oil quality. J Ess

Oil Bear Plants. 2016;19(5):1208-15. https://doi.org/10.1080/0972060x.
2015.1119068.

Farzad R, Yousef N, Mohammad A, Mohammad BHP, Sina G, Yaghoub P.
Fertilizer type and humic acid improve the growth responses, nutrient
uptake, and essential oil content on Coriandrum sativum L. Sci Reports.
2022;12:7437. https://doi.org/10.1038/541598-022-11555-4.

ArifY, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiologi-
cal and biochemical changes in plants: an omic approach toward salt
stress tolerance. Plant Physiol Biochem. 2020;156:64-77. https://doi.org/
10.1016/j.plaphy.2020.08.042.

Nguyen QH, Talou T, Evon P, Cerny M, Merah O. Fatty acid composi-
tion and oil content during coriander fruit development. Food Chem.
2020;326: 127034. https://doi.org/10.1016/j.foodchem.2020.127034.
Ozyazici G. Influence of organic and inorganic fertilizers on coriander
(Coriandrum sativum L) agronomic traits, essential oil and components
under semi-arid climate. Agronomy. 2021;11:1427. https://doi.org/10.
3390/agronomy11071427.

Farouk S, Omar MM. Sweet basil growth, physiological and ultrastruc-
tural modification, and oxidative defense system under water deficit
and silicon forms treatment. J Plant Growth Regul. 2020;39(3):1307-31.
https://doi.org/10.1007/500344-020-10071-X.

Wang W, Wu Z, He Y, Huang Y, Li X, Ye BC. Plant growth promotion and
alleviation of salinity stress in Capsicum annuum L. by Bacillus isolated
from saline soil in Xinjiang. Ecotoxicol Environ Saf. 2018;164:520-9.
https://doi.org/10.1016/j.ecoenv.2018.08.070.

El-Shamy MA, Alshaal T, Mohamed HH, Rady AMS, Hafez EM, Alsohim
AS, Abd E-M. Quinoa Response to application of phosphogypsum and
plant growth-promoting Rhizobacteria under water stress associated
with salt-affected soil. Plants. 2022;11(7):872. https://doi.org/10.3390/
plants11070872.

Sun B, Gu LK, Bao LJ, Zhang SW, Wei YX, Bai ZH, Guogiang Z, Xuliang

Z. Application of biofertilizer containing Bacillus subtilis reduced the
nitrogen loss in agricultural soil. Soil Biol Biochem. 2020;148: 107911.
https://doi.org/10.1016/j.50ilbi0.2020.107911.

Yang L, Zhou B, Hou Y, Wang Q, Chen X. Effects of bacillus subtilis on
growth of winter wheat and distribution of soil water and nitrogen
under salt stress. J Drain Irrig Mach Eng. 2021;39:517-24. https://doi.
0rg/10.3969/j.issn.1674-8530.19.0267.

Duca D, Lorv J, Patten CL, Rose D, Glick BR. Indole3-acetic acid in plant-
microbe interactions. Antonie Van Leeuwenhoek. 2014;106:85-125.
https://doi.org/10.1007/510482-013-0095-y.

Kreiser M, Giblin C, Murphy R, Fiesel P, Braun L, Johnson G, Wyse D,
Cohen JD. Conversion of indole-3-butyric acid to indole-3-acetic acid
in shoot tissue of hazelnut (Corylus) and elm (Ulmus). J Plant Growth
Regul. 2016;35:710-21. https://doi.org/10.1007/500344-016-9574-5.
Anuroopa N, Bagyaraj DJ. Selection of an efficient plant growth
promoting rhizobacteria for inoculating Withania somnifera. JSIR.
2017;76:244-248. https://api.semanticscholar.org/CorpusID:56196797.
Etesami H, Alikhani HA, Mirseyed HH. Indol 3-acetic acid (IAA) produc-
tion trait, a useful screening to select endophytic and rhizosphere
competent bacteria for rice promoting agents. MethodsX. 2015;2:72-8.
https://doi.org/10.1016/j.mex.2015.02.008.

Bhattacharyya D, Garladinne M, Lee YH. Volatile indole produced by
rhizobacterium Proteus vulgaris JBLS202 stimulates growth of Arabidop-
sis thaliana through auxin, cytokinin, and brassino steroid pathways.

J Plant Growth Regul. 2015;34:158-68. https://doi.org/10.1007/
500344-014-9453-x.

Cakmakgl R. Screening of multi-trait rhizobacteria for improving the
growth, enzyme activities, and nutrient uptake of tea (Camellia sinensis).
Commun Soil Sci Plan. 2016;47:1680-90. https://doi.org/10.1080/00103
624.2016.1206559.

Parray JA, Jan' S, Kamili AN, Qadri RA, Egamberdieva D, Ahmad P. Current
perspectives on plant growth-promoting rhizobacteria. J Plant Growth
Regul. 2016;35:877-902. https://doi.org/10.1007/500344-016-9583-4.
Souza R, Ambrosini A, Passaglia LMP. Plant growth promoting bacteria
as inoculants in agricultural soils. Genet Mol Biol. 2015;38:401-19.
https://doi.org/10.1590/51415-475738420150053.

LinY, Zhang H, Li P, Juan J, Zhefei L. The bacterial consortia promote
plant growth and secondary metabolite accumulation in Astragalus

83.

84.

85.

86.

87.

88.

89.

90.

ot

92.

93.

94.

95.

96.

97.

98.

Page 17 of 18

mongholicus under drought stress. BMC Plant Biol. 2022;22:475. https://
doi.org/10.1186/512870-022-03859-4.

Liu J, Li H,Yuan Z, Feng J, Chen S, Sun G, Wei Z, Tiantian Hu. Effects of
microbial fertilizer and irrigation amount on growth, physiology and
water use efficiency of tomato in greenhouse. Sci Horticult. 2024;323:
112553, https://doi.org/10.1016/j.scienta.2023.112553.
Sanchez-Rojas T, Espinoza-Culupul A, Ramirez P, Iwai LK, Montoni F,
Macedo-Prada D, Sulca-Lépez M, Durdn Y, Farfan-Lopez M, Herencia

J. Proteomic study of response to copper, cadmium, and chrome ion
stress in Yarrowia lipolytica strains isolated from andean mine tailings in
Peru. Microorganisms. 2022;10(10). https://doi.org/10.3390/microorgan
isms10102002.

Kang SM, Shahzad R, Bilal S, Khan AL, Park YG, Lee KE. Indole-3-acetic
acid and ACC deaminase producing Leclercia adecarboxylata MO1
improves Solanum lycopersicum L. growth and salinity stress tolerance
by endogenous secondary metabolites regulation. BMC Microbiol.
2019;19(1):1-4. https://doi.org/10.1186/512866-019-1450-6.

Saleem S, Igbal A, Ahmed F, Ahmad M. Phytobeneficial and salt stress
mitigating efficacy of IAA producing salt tolerant strains in gossypium
hirsutum. Saudi J Biol Sci. 2021;28(9):5317-24. https://doi.org/10.1016/].
$j0s.2021.05.056.

Vardharajula S, Zulfkar AS, Grover M, Reddy G, Bandi V. Drought-tolerant
plant growth promoting Bacillus spp.: effect on growth, osmolytes,

and antioxidant status of maize under drought stress. J Plant Interact.
2011;6(1):1-4. https://doi.org/10.1080/17429145.2010.535178.

Chun SC, Paramasivan M, Chandrasekaran M. Proline accumulation
influenced by osmotic stress in Arbuscular Mycorrhizal symbiotic plants.
Front Microbiol. 2018;9:2525. https://doi.org/10.3389/fmicb.2018.02525.
Yasmeen T, Ahmad A, Arif MS, Mubin M, Rehman K, Shahzad SM. Biofilm
forming rhizobacteria enhance growth and salt tolerance in sun-flower
plants by stimulating antioxidant enzymes activity. Plant Physiol Bio-
chem. 2020;156:242-56. https://doi.org/10.1016/j.plaphy.2020.09.016.
Medeiros CAA, Bettiol W. Multifaceted intervention of bacillus spp.
against salinity stress and fusarium wilt in tomato. J Appl Microbiol.
2021;131(5):2387-2401. https://doi.org/10.1111/jam.15095.

Mishra BK, Dubey PN, Aishwath OP, Kant K, Sharma YK, Vishal MK. Effect
of plant growth promoting rhizobacteria on coriander (Coriandrum
sativum) growth and yield under semi-arid condition of India. Indian J
Agric Sci. 2017,87:607-612. https://doi.org/10.56093/ijas.v87i5.70126.
Mishra BK, Meena KK, Dubey PN, Aishwath OP, Kant K, Sorty AM, Bitla U.
Influence on yield and quality of fennel (Foeniculum vulgare Mill.) grown
under semi-arid saline soil, due to application of native phosphate
solubilizing rhizobacterial isolates. Ecol Eng. 2016;97:327-333. https://
doi.org/10.1016/j.ecoleng.2016.10.034.

Mostafa A, Khalafallah M, Sedera SA, Fathy H, Higazy A. Different meth-
ods of bacterial inoculation on the yield of chamomile blossoms and
essential oil. Global J Environ Sci Manage. 2019;5:237-248. https://doi.
0rg/10.22034/gjesm.2019.02.09.

Cappellari LR, Santoro MV, Nievas F, Giordano W, Banchio E. Increase of
secondary metabolite content in marigold by inoculation promoting
rhizobacteria. Appl Soil Ecol. 2013;70:16-22. https://doi.org/10.1016/].
apsoil.2013.04.001.

Santoro MV, Cappellari LR, Giordano W, Banchio E. Plant growth-
promoting efects of native Pseudomonas strains on Mentha piperita
(peppermint): an in vitro study. Plant Biol. 2015;17:1218-26. https://doi.
0rg/10.1111/plb.12351.

Hazzoumi Z, Moustakime Y, Joutei KA. Effect of gibberellic acid (GA3),
indole acetic acid (IAA) and benzylaminopurine (BAP) on the synthesis
of essential oils and the isomerization of methyl chavicol and trans-
anethole in Ocimum gratissimum L. Springerplus. 2014;3:1-7. https://
doi.org/10.1186/2193-1801-3-321.

Samani MR, Pirbalouti AG, Moattar F, Golparvar AR. L-Phenylalanine and
bio-fertilizers interaction effects on growth, yield and chemical com-
positions and content of essential oil from the sage (Salvia offcinalis L.)
leaves. Ind Crops Prod. 2019;137:1-8. https://doi.org/10.1016/j.indcrop.
2019.05.019.

Rohamare Y, Nikam TD, Dhumal KN. Effect of foliar application of plant
growth regulators on growth, yield and essential oil components

of Ajwain (Trachyspermum ammi L.). Int J Seed Spices. 2013;3:34-41.
https://api.semanticscholar.org/CorpusiD:85998605.


https://doi.org/10.1080/0972060x.2015.1119068
https://doi.org/10.1080/0972060x.2015.1119068
https://doi.org/10.1038/s41598-022-11555-4
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1016/j.plaphy.2020.08.042
https://doi.org/10.1016/j.foodchem.2020.127034
https://doi.org/10.3390/agronomy11071427
https://doi.org/10.3390/agronomy11071427
https://doi.org/10.1007/s00344-020-10071-x
https://doi.org/10.1016/j.ecoenv.2018.08.070
https://doi.org/10.3390/plants11070872
https://doi.org/10.3390/plants11070872
https://doi.org/10.1016/j.soilbio.2020.107911
https://doi.org/10.3969/j.issn.1674-8530.19.0267
https://doi.org/10.3969/j.issn.1674-8530.19.0267
https://doi.org/10.1007/s10482-013-0095-y
https://doi.org/10.1007/s00344-016-9574-5
https://api.semanticscholar.org/CorpusID:56196797
https://doi.org/10.1016/j.mex.2015.02.008
https://doi.org/10.1007/s00344-014-9453-x
https://doi.org/10.1007/s00344-014-9453-x
https://doi.org/10.1080/00103624.2016.1206559
https://doi.org/10.1080/00103624.2016.1206559
https://doi.org/10.1007/s00344-016-9583-4
https://doi.org/10.1590/s1415-475738420150053
https://doi.org/10.1186/s12870-022-03859-4
https://doi.org/10.1186/s12870-022-03859-4
https://doi.org/10.1016/j.scienta.2023.112553
https://doi.org/10.3390/microorganisms10102002
https://doi.org/10.3390/microorganisms10102002
https://doi.org/10.1186/s12866-019-1450-6
https://doi.org/10.1016/j.sjbs.2021.05.056
https://doi.org/10.1016/j.sjbs.2021.05.056
https://doi.org/10.1080/17429145.2010.535178
https://doi.org/10.3389/fmicb.2018.02525
https://doi.org/10.1016/j.plaphy.2020.09.016
https://doi.org/10.1111/jam.15095
https://doi.org/10.56093/ijas.v87i5.70126
https://doi.org/10.1016/j.ecoleng.2016.10.034
https://doi.org/10.1016/j.ecoleng.2016.10.034
https://doi.org/10.22034/gjesm.2019.02.09
https://doi.org/10.22034/gjesm.2019.02.09
https://doi.org/10.1016/j.apsoil.2013.04.001
https://doi.org/10.1016/j.apsoil.2013.04.001
https://doi.org/10.1111/plb.12351
https://doi.org/10.1111/plb.12351
https://doi.org/10.1186/2193-1801-3-321
https://doi.org/10.1186/2193-1801-3-321
https://doi.org/10.1016/j.indcrop.2019.05.019
https://doi.org/10.1016/j.indcrop.2019.05.019
https://api.semanticscholar.org/CorpusID:85998605

Brengi et al. BMC Plant Biology

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111,

112.

114.

115.

(2024) 24:848

Awan S, llyas N, Khan |, Raza M, Rehman A, Rizwan M, Rastogi A, Tarig

R, Brestic M. Bacillus siamensis reduces cadmium accumulation and
improves growth and antioxidant defense system in two wheat (Triti-
cum aestivum L.) varieties. Plants. 2020;9:878. https://doi.org/10.3390/
plants9070878.

Cappellari LR, Santoro MV, Reinoso H, Travaglia C, Giordano W, Banchio
E. Anatomical, morphological, and phytochemical effects of inoculation
with plant growth promoting rhizobacteria on peppermint (Men-

tha piperita). ) Chem Ecol. 2015;41:149-58. https://doi.org/10.1007/
510886-015-0549-y.

Monfort LEF, Bertolucci SKV, Lima AF, de Carvalho AA, Mohammed A,
Blank AF, Pinto JEBP. Effects of plant growth regulators, different culture
media and strength MS on production of volatile fraction composition
in shoot cultures of Ocimum basilicum. Ind Crops Prod. 2018;116:231-9.
https://doi.org/10.1016/j.indcrop.2018.02.075.

Ghorbanpour M, Hatami M, Kariman K, Abbaszadeh DP. Phytochemical
variations and enhanced efficiency of antioxidant and antimicrobial

ingredients in Salvia officinalis as inoculated with different rhizobacteria.

Chem Biodivers. 2016;13:319-30. https://doi.org/10.1002/cbdv.20150
0082.

Darzi MT, Hadi MHS. Effects of organic manure and nitrogen fixing
bacteria on some essential oil components of coriander (Coriandrum
sativum). lJACS. 2012;4:787-792. https://api.semanticscholar.org/Corpu
sID:35842431.

Velmourougane K, Prasanna R, Chawla G, Nain L, Kumar A, Saxena AK.
Trichoderma-Azotobacter biofilm inoculation improves soil nutrient
availability and plant growth in wheat and cotton. J Basic Microbiol.
2019;59:632-44. https://doi.org/10.1002/jobm.201900009.

Kaymak HC, Dénmez MF, Cakmakgi R. N2-fixing plant growth-
promoting rhizobacteria: potential to increase yield, growth and

element contents of Mentha piperita L. leaves. Eur J Plant Sci Biotechnol.

2013;1:38-42. https://api.semanticscholar.org/CorpuslD:198990749.
Abdel-Hakim W, Yasser M, Khalid. Response of Ocimum basilicum

plant to some plant growth promoting Rhizobacteria. J Product Dev.
2014;19(3):263-286. https://doi.org/10.21608/jpd.2014.42660.

Borkar SG. Microbes as bio-fertilizers and their production technology.
Woodhead Publishing India, New Delhi. 2015. https://doi.org/10.1201/
9780367805500.

Dalia AA, Haroun SA, Omar MN, Abd-Elgawad AM, El-Shobaky AM,
Mowafy AM. Fluctuation of essential oil constituents in Origanum syri-
acum subsp. sinaicum in response to plant growth promoting bacteria.

J Ess Oil Bear Plants. 2019;22(4). https://doi.org/10.1080/0972060X.2019.

1661794.

Kaliyamoorthy J, Aksah P. Soil applied cobalt alters the growth param-
eters and dry matters production of Bhendi (Abelmoschus esculentus L.).
Inn Agri. 2022;5(0):1-3. https://doi.org/10.25081/ia.2022.v5.1078.
Muhammad AA, Misbah A, Muhammad ZR. Chapter Ten - Role of
inorganic bio stimulant elements in plant growth. Sustain Plant Nut.
Academic Press. 2023;229-261. https://doi.org/10.1016/B978-0-443-
18675-2.00014-6.

Orji J, Ngumah C, Asor H, Anuonyemere A. Effects of cobalt and man-
ganese on biomass and nitrogen fixation yields of a free-living nitrogen
fixer- Azotobacter chroococcum. Eur J Biol Res. 2018;8:7-13. https://doi.
0rg/10.5281/zenodo.1157098.

Marschner P. Marschner’s Mineral Nutrition of Higher Plants. Amster-
dam: Elsevier/Academic Press. 2012. https://doi.org/10.1016/
€2009-0-63043-9.

Han HY, Xu WA, Lu ZR, Zou F, Li S. Activation and inactivation of horse-
radish peroxidase by cobalt ions. J Biomol Struct Dyn. 2008;26:83-92.
https://doi.org/10.1080/07391102.2008.10507226.

Babaei K, Moghaddam M, Farhadi N, Pirbalouti AG. Morphological,
physiological, and phytochemical responses of Mexican marigold
(Tagetes minuta L) to drought stress. Scientia Horticult. 2021;284:
110116. https://doi.org/10.1016/j.scienta.2021.110116.

Selim S, Akhtar N, Hagagy N, Alanazi A, Warrad M, El Azab E, Elamir
MYM, Al-Sanea MM, Jaouni SKA, Abdel-Mawgoud M, Shah AA, Abdel-
gawad H. Selection of newly identified growth-promoting Archaea
haloferax species with a potential action on cobalt resistance in maize
plants. Front Plant Sci. 2022;13: 872654. https://doi.org/10.3389/fpls.
2022.872654.

116.

117.

118.

119.

120.

122.

123.

124.

125.

126.

127.

128.

129.

130.

132.

Page 18 of 18

Azarakhsh MR, Asrar Z, Mansouri H. Effects of seed and vegetative
stage cysteine treatments on oxidative stress response molecules and
enzymes in Ocimum basilicum L. under cobalt stress. J Soil Sci Plant Nut.
2015;15(3):651-662. https://doi.org/10.4067/50718-951620150050000
44,

Ghosh UK, Islam MN, Siddiqui MN, Cao X, Khan MAR. Proline, a multifac-
eted signaling molecule in plant responses to abiotic stress: under-
standing the physiological mechanisms. Plant Biol. 2022;24:227-39.
https://doi.org/10.1111/plb.13363.

Nadia G, Kandil HM. Influence of cobalt nutrition on coriander (Cari-
andrum sativum L.) herbs yield quantity and quality. J App Sci Res.
2012;8(10):5184-5189. https://api.semanticscholar.org/CorpusID:20273
9809.

Aziz EE, Nadia G. Physiological and chemical response of lemongrass
(Cymbopogon Citratas L.) to cobalt nutrition. A-Herb yield, Essential oil
content and composition. J App Sci Res. 2011,7(21):1732-1736. https.//
api.semanticscholar.org/CorpusiD:209466766.

Aziz EE, Nadia G, Khaled SM. Effect of cobalt on growth and chemical
composition of peppermint plant grown in newly reclaimed soil. Aust
JBasic App Sci. 2011;5(11):628-633. https://api.semanticscholar.org/
CorpuslD:30158584.

Imran A, ZabtaKS, Shomaila S, Shaheen S. Plant beneficial endophytic bacte-
ria: Mechanisms, diversity, host range and genetic determinants. Microbiol
Res. 2019;221:36-49. https//doi.org/10.1016/j.micres.2019.02.001.

Sachi O, Lindsay DE. The biological occurrence and trafficking of cobalt.
Metallomics. 2011;3(10):963-70. https://doi.org/10.1039/c1mt00056.
Vora D, Irani K. Effect of Cobalt on synthesis of extracellular alka-

line phosphatase production from Bacillus sp. J Microbiol Exp.
2015;2(6):00069. https://doi.org/10.15406/jmen.2015.02.00069.

Spencer DB, Chen CP, Hulett F. Effect of cobalt on synthesis and
activation of Bacillus licheniformis alkaline phosphatase. J Bact.
1981;145(2):926-33. https://doi.org/10.1128/jb.145.2.926-933.1981.
Baddour AG, EI-Sherpiny MA, Sakara HM. Effect of rhizobium inoculant,
nitrogen starter and cobalt on stimulation of nodulation, N fixation and
performance of faba bean (Vicia faba L) grown under salinity stress. J
Soil Sci Agric Eng. 2021;12:61-69. https://doi.org/10.21608/jssae.2021.
153322.

Subhasmita M, Radheshyam Y, Ramakrishna W. Bacillus subtilis impact
on plant growth, soil health and environment: Dr. Jekyll and Mr. Hyde. J
App Micro. 2022;132(5):3543-3562. https://doi.org/10.1111/jam.15480.
Glick BR. Plant growth-promoting bacteria: Mechanisms and applications.
Scientifica. 2012;2012: 963401. https://doi.org/10.6064/2012/963401.
Berg G, Grube M, Schloter M, Smalla K. Unraveling the plant microbi-
ome: Looking back and future perspectives. Front Microbiol. 2014;5:148.
https://doi.org/10.3389/fmicb.2014.00148.

Christopher B, Mathilde NC, Akos TK. Molecular aspects of plant growth
promotion and protection by Bacillus subtilis. Mol Plant-Microbe Interac.
2021;34(1):15-25. https://doi.org/10.1094/mpmi-08-20-0225-cr.
Gurkeerat S, Mamta P. Bacillus subtilis as a plant-growth-promot-

ing rhizobacteria: a review. Plantarchives. 2022;22(2):100-109. https://
api.semanticscholar.org/CorpuslD:257271805.

Seleiman MF, Semida WM, Rady MM, Mohammad GF, Hemida KA,
Alhammad BA, Hassan MM, Shami A. Sequential application of antioxi-
dants rectifies ion imbalance and strengthens antioxidant systems in
salt-stressed cucumber. Plants. 2020;9:1783. https://doi.org/10.3390/
plants9121783.

Shahid M, Sarkhosh A, Khan N, Balal R, Ali S, Rossi L, Gémez C, Mattson
N, Nasim W, Garcia-Sanchez F. Insights into the physiological and
biochemical impacts of salt stress on plant growth and development.
Agronomy. 2020;10(7):938. https://doi.org/10.3390/agronomy 10
070938.

Ha-Tran DM, Nguyen TTM, Hung SH, Huang E, Huang CC. Roles of plant
growth-promoting Rhizobacteria (PGPR) in stimulating salinity stress
defense in plants: A Review. Int J Mol Sci. 2021;22(6):3154. https://doi.
0rg/10.3390/ijms22063154.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


https://doi.org/10.3390/plants9070878
https://doi.org/10.3390/plants9070878
https://doi.org/10.1007/s10886-015-0549-y
https://doi.org/10.1007/s10886-015-0549-y
https://doi.org/10.1016/j.indcrop.2018.02.075
https://doi.org/10.1002/cbdv.201500082
https://doi.org/10.1002/cbdv.201500082
https://api.semanticscholar.org/CorpusID:35842431
https://api.semanticscholar.org/CorpusID:35842431
https://doi.org/10.1002/jobm.201900009
https://api.semanticscholar.org/CorpusID:198990749
https://doi.org/10.21608/jpd.2014.42660
https://doi.org/10.1201/9780367805500
https://doi.org/10.1201/9780367805500
https://doi.org/10.1080/0972060X.2019.1661794
https://doi.org/10.1080/0972060X.2019.1661794
https://doi.org/10.25081/ia.2022.v5.1078
https://doi.org/10.1016/B978-0-443-18675-2.00014-6
https://doi.org/10.1016/B978-0-443-18675-2.00014-6
https://doi.org/10.5281/zenodo.1157098
https://doi.org/10.5281/zenodo.1157098
https://doi.org/10.1016/c2009-0-63043-9
https://doi.org/10.1016/c2009-0-63043-9
https://doi.org/10.1080/07391102.2008.10507226
https://doi.org/10.1016/j.scienta.2021.110116
https://doi.org/10.3389/fpls.2022.872654
https://doi.org/10.3389/fpls.2022.872654
https://doi.org/10.4067/s0718-95162015005000044
https://doi.org/10.4067/s0718-95162015005000044
https://doi.org/10.1111/plb.13363
https://api.semanticscholar.org/CorpusID:202739809
https://api.semanticscholar.org/CorpusID:202739809
https://api.semanticscholar.org/CorpusID:209466766
https://api.semanticscholar.org/CorpusID:209466766
https://api.semanticscholar.org/CorpusID:30158584
https://api.semanticscholar.org/CorpusID:30158584
https://doi.org/10.1016/j.micres.2019.02.001
https://doi.org/10.1039/c1mt00056j
https://doi.org/10.15406/jmen.2015.02.00069
https://doi.org/10.1128/jb.145.2.926-933.1981
https://doi.org/10.21608/jssae.2021.153322
https://doi.org/10.21608/jssae.2021.153322
https://doi.org/10.1111/jam.15480
https://doi.org/10.6064/2012/963401
https://doi.org/10.3389/fmicb.2014.00148
https://doi.org/10.1094/mpmi-08-20-0225-cr
https://api.semanticscholar.org/CorpusID:257271805
https://api.semanticscholar.org/CorpusID:257271805
https://doi.org/10.3390/plants9121783
https://doi.org/10.3390/plants9121783
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.3390/agronomy10070938
https://doi.org/10.3390/ijms22063154
https://doi.org/10.3390/ijms22063154

	Promoting salt tolerance, growth, and phytochemical responses in coriander (Coriandrum sativum L. cv. Balady) via eco-friendly Bacillus subtilis and cobalt
	Abstract 
	Introduction
	Materials and methods
	Cultivation and plant material
	Experimental design and treatments
	Growth parameters, characteristics, and photosynthetic pigment concentrations in fresh leaves
	Element content, K:Na ratio, electrolyte leakage, and protein content
	Determination of the activity of antioxidant enzymes, total protein content, Asco, and proline content in leaves
	Determination of biological phytochemicals in seed oil, seed yield per plant, leaf oil, and essential oil yield
	Statistical analysis and experimental design

	Results
	Plant growth parameters, morphology, and chlorophyll content
	Elemental analysis and electrolyte leakage
	Antioxidant enzymes, Asco, and proline
	Important phytochemicals in the seed oil of coriander
	Coriander yield parameters of seeds and oil

	Discussion
	Conclusion
	Acknowledgements
	References


