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Abstract: Using biostimulants to enhance plant growth and increase yield and secondary metabolites in medici-
nal and aromatic plants is an important strategy to achieve sustainable agriculture. The influence of two strains of
nitrogen-fixing rhizobacteria (NFB) of Azotobacter chroococcum (NFB1) and Azospirillum lipoferum (NFB2), three
levels of seaweed extract (SWE; 0 (SWE1), 250 (SWE1), and 500 mg/L (SWE2)) and their interactions have been
investigated on Trachyspermum ammi L. (ajwain) growth, fruit yield, and essential oil constituents for two winter
seasons. Growth traits (plant height, number of branches, and fresh and dry weights) and fruit traits (umbel number,
1 000-fruit weight, and fruit yield) were improved following NFB and/or SWE applications. Leaf pigments, total phe-
nols, carbohydrates, free amino acids, and nutrient content were also enhanced. Ajwain plants that received NFB2
soil inoculation and foliarly sprayed with SWE1 observed the highest growth and yield values. Applying this treat-
ment resulted in 27.6% and 32.7% higher fruit yield per plant for the first and second seasons, respectively, compared
to the control. The results of GC-MS revealed that y-terpinene, p-cymene, and thymol are the major components in
ajwain essential oil. All applications used changed the percentages of the main components detected in ajwain es-
sential oil. For instance, increasing SWE level caused a reduction in y-terpinene with an increase in thymol content.
The highest conservation rate from y-terpinene to thymol was detected in NFB2 x SWE1-treated plants, with the
highest thymol content and least y-terpinene. Azospirillum lipoferum soil inoculation with SWE1 foliar application
is recommended to enhance ajwain production, in terms of fruit yield and oil quality.
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Ajwain (Trachyspermum ammi L.) is an aromatic
herb that belongs to the Apiaceae family and grows
annually in many countries, including Egypt, India,
Iran, and Iraq (Lawless 1992). Seeds of ajwain contain
carbohydrates (38.6%), fat (18.1%), protein (15.4%),
fiber (11.9%), glycosides, tannins, and moisture (8.9%),
flavone, saponins, and minerals (7.1%) (Bairwa et al.
2012), in addition to the important vitamins of thia-

mine and riboflavin (Pruthi 2001). Also, they contain
2% to 4.4% essential oil (Bairwa et al. 2012). Thymol,
p-cymene, y-terpinene, a-pinene and B-pinene are the
main ingredients in the ajwain essential oil (Zarshenas
etal. 2014). Thymol is the major component in ajwain
oil; in some cases, p-cymene and y-terpinene can
increase more than the thymol content (Omer et al.
2014). Ajwain seeds help in the process of healing
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and inhibit infections (Pruthi 2001, Bairwa et al.
2012). Ajwain oil has curative and liver protective
properties of anti-aggregatory, antiviral, anthelmintic,
anti-ulcer, antihypertensive, and anti-fats influences
(Bairwa et al. 2012), antimicrobial (Sivropoulou et
al. 1996), anti-fungicidal, and antioxidant proper-
ties (Singh and Singh 2016). It is also used in the
food/flavour industry and therapeutic compositions
(Choudhary et al. 2017).

Fertilisation is the essential factor affecting the growth
and productivity of medicinal and aromatic plants,
including Trachyspermum ammi L. Unfortunately,
the excessive use of mineral fertilisers causes serious
impacts such as deterioration of soil fertility, agro-
ecosystem pollution and higher production costs (Kahil
et al. 2017, Alshallash et al. 2022, Al-Saif et al. 2024).
Importantly, chemical-free production of medicinal
and aromatic plants is of great interest to guarantee
their quality and safety. Therefore, several strategies
such as non-traditional fertilisers and biostimulants
have been developed to achieve those goals (Ali et al.
2022a,b, Moussa et al. 2024).

One type of bio-fertiliser is plant growth-stimulat-
ing bacteria such as Azotobacter, which is important
in the biological fixation of nitrogen and can produce
and secrete biologically active substances such as
vitamin B, nicotinic acid, biotin, auxin, gibberellin,
etc., in the rhizosphere area of a plant, which en-
hances root growth (Bahgat et al. 2023). Concerning
the effect of free-living nitrogen-fixing bacteria on
the performance of medicinal plants, Ghilavizadeh
et al. (2013) examined the effect of biofertilisers
and plant density on essential oil content and yield
of Trachyspermum ammi L., and they found that
the yield and essential oil content increased when
Azotobacter and Azospirillum bacteria were applied.
Azotobacter and Azospirillum soil supplementations
increased growth, productivity and secondary me-
tabolites in fennel and roselle plants (El-Serafy and
El-Sheshtawy 2020, Bahgat et al. 2023).

Seaweed extracts as biostimulants offer a natural
substitute for synthetic fertilisers in promoting plant
growth and yield (Ali et al. 2021). They enhance fruit
set, nutritional absorption, biotic and abiotic stress
tolerance, and seedling growth and development
(Mukherjee and Patel 2020). Important growth-
promoting compounds are found in seaweed extracts,
such as auxins, cytokinins, gibberellins, and several
nutrients essential for plant development (Mughunth
et al. 2024). Plant growth, yield, and essential oil
content improved when coriander plants were foliar
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sprayed with seaweed extract (Tursun 2022). Ali et
al. (2023) state that seaweed extract improved the
fennel plants’ oil components, fruit output, and
plant development.

The effect of nitrogen-fixing bacteria (NFB) inter-
acting with seaweed extract (SWE) on Trachyspermum
ammi L. productivity has not been studied yet. This
study hypothesises that NFB soil supplementation
and SWE foliar application may enhance ajwain
productivity and quality. Therefore, this experiment
aimed to evaluate the role of NFB and SWE and their
combination on plant growth, fruit yield, secondary
metabolites, and active compound alterations in the
essential oil of Trachyspermum ammi L. plant.

MATERIAL AND METHODS
Study description and experimental site

A field experiment was conducted at the
Experimental Farm of Agriculture Faculty, Tanta
University, Tanta, Egypt (30°47'18"N; 31°00'06"E), at
8 m a.s.l.,, during the winter seasons of 2022-2023
and 2023-2424.

Ajwain fruits were planted on 15™ and 20" October
for the 2022 and 2023 seasons, respectively, at
a 30 x 60 cm spacing. After 21 days of cultivation,
ajwain plants were thinned to two plants per hill.
All weed and pest control farming practices were
performed as the Egyptian Ministry of Agriculture
recommended. Mineral fertilisation was done ac-
cording to Sathyanarayana et al. (2017). Before
cultivation, samples of the experimental soil were
analysed, and its physical and chemical analyses
were as follows: sand 21.5%, silt 38.9%, and clay
39.6%. The soil chemical features were electrical
conductivity (EC), 1.84 dS/m; pH 8.32; Mg 11.5 mg/L;
Ca 14.5 mg/L; HCO, 14 mg/L; CaCO, 1.33 mg/L;
total N 0.26%; P 0.041%; and K 0.06%.

Treatments and experimental design

The strains of aerobic nitrogen-fixing bacteria
(NFB) of Azotobacter chroococcum (ATCC 9043)
and Azospirillum lipoferum (ATCC 29707) were
provided from the Soil, Water, and Environment
Research Institute, Agricultural Research Centre,
Giza, Egypt, and maintained in the refrigerator at 4 °C
until soil supplementation.

The current investigation was planned in a split-plot
design with nine treatments in two factors: (1) NFB
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strains (the NFBO; un-inoculated, NFB1; Azotobacter
chroococcum, and NFB2; Azospirillum lipoferum), and
(2) seaweed extract at different doses of 0 (SWEO),
250 mg/L (SWEL), and 500 mg/L (SWE2), each treat-
ment repeated three times. NFB strains were randomly
applied in the main plots, while foliar extracts were
supplemented in the subplots, which were 9.0 m?
(3.0 x 3.0 m) to include 100 plants each.

Bacteria suspension (10 mL) of each strain was in-
dividually applied to the experimental main plots as
asoil drench 21 days post-germination at a 10° CFU/mL
density. Ajwain plants in each subplot were foliarly
sprayed with seaweed extract three times: 30, 60, and
90 days after cultivation. Untreated control plants re-
ceived foliar supplementation three times with tap water
at the same time as extract application for both seasons.

Harvesting

Ten ajwain plants were manually collected at the
harvesting stage (when the fruits turn brown) during
the second week of May for both seasons to deter-
mine the plant height (cm), branch number/plant,
plant fresh weight (g), plant dry weight (g), number
of umbels/plant, weight of 1 000 fruits, fruit yield/
plant (g), and fruit yield/ha (kg).

Essential oil extraction and composition

Ajwan fruits (100 g) were hydro-distilled using
a Clevenger-type apparatus for 3 h according to Viuda-
Martos et al. (2011). Ajwan fruits from each treat-
ment were distilled in triplicate, and oil contents are
presented as the average value. The separated oil was
dried using anhydrous sodium sulfate. Oil percentage
(%) and oil yield (L/ha) were calculated. Oil percentage
was calculated using the following formula:
Essential oil percentage = (oil volume in the
graduated tube/sample dry weight) x 100.

The dried oil was stored at 4 °C until GC-MS analy-
sis in dark vials.

The active ingredients of ajwan essential oil were
identified by GC-MS analysis using a Perkin Elmer
(model: Clarus 580/560 S, Tokyo, Japan) equipped with
four capillary columns (30 m x 0.25 mm ID and film
thickness 0.25 pm).

Physiological and biochemical determinations

Leaf pigments. Samples of ajwain leaves were col-
lected at the flowering stage for photosynthetic pigments

determination as described by Dere et al. (1998) using
methanol (96%). Leaf chlorophyll and carotenoids were
calculated and expressed in mg/g FW (fresh weight).
Total carbohydrates, free amino acids, and protein
determination. Total carbohydrates in leaves at the
harvest stage were determined following the method
previously described by Alayafi et al. (2025) using
anthrone reagent. Total free amino acids in fruits
were estimated according to the procedure outlined
by Yemm and Cocking (1955) using the ninhydrin
reagent technique. Total protein (%) was determined
using the micro-Kjeldahl method, with a nitrogen-to-
protein conversion factor of 6.25 (Jones 1931).
Total polyphenols. The ground fruits (1 g) sam-
ples were stirred with 50 mL of 80% methanol and
macerated for two days at room temperature. After
thoroughly removing solvents, the extract was kept
below 4 °C for total phenol determination according
to McDonald et al. (2001). Total phenols content was
determined spectrophotometrically at 765 nm and
presented as mg gallic acid equivalent/g dry weight.

Nutrient estimation

For nutrient estimation, a 0.5 g sample of dried leaves
collected at the harvest stage was digested using sulfuric
and perchloric acids to determine the nutrient content
Piper (1967) and Jackson (1978). Nitrogen (N) was de-
termined using the micro-Kjeldahl method according
to Black et al. (1965) and presented as a percentage (%).
Phosphorus (P) was assessed colourimetrically as de-
scribed in the Jackson (1978) method using stannous chlo-
ride, phosphomolybdate-sulfuric acid, and was calculated
in percentages (%). Potassium (K) (%) was determined
using atomic absorption according to Christain (1969).

Statistical analysis

The data obtained were analysed using a split-plot
design with three replications. Data was analysed
through two-way analysis of variance (ANOVA) using
the COSTAT program (Tokyo, Japan). The Duncan’s
multiple range test evaluated the means at P < 0.05
and P < 0.01.

RESULTS
Plant growth

The effect of nitrogen-fixing bacteria soil appli-
cation and seaweed extracts foliar spray, and their
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interaction on the growth traits of ajwain plants is
presented in Table 1. The plant height and branch
number traits showed the highest values following
NFB2 compared to uninoculated plants. Treated
plants with SW1 presented the highest plant height
and branch number/plant. Concerning the interac-
tion, the treatment of NFB2 x SWE1 showed the
tallest plants (83.9 and 89.6 cm for both seasons,
respectively) with the highest branch number (13.9
and 15.6 for both seasons, respectively) compared
with the other treatments. Also, treated plants with
NFB2 showed the maximum fresh and dry weights
compared to NFBO plants. Concerning seaweed treat-
ments, SWE1 exhibited the highest fresh and dry
weights, and the NFB2 x SWEI treatment gave both
seasons the highest fresh and dry weights.

Yield and yield-related traits

Likewise, plant growth characteristics and fruit
yield were also affected by the application of NFB
and SWE treatments as compared with control plants
(Table 2). The weight of 1 000 fruits, the number of
umbels per plant, and fruit yield were significantly
improved with the application of NFB2, except that
the number of umbels per plant showed a non-
significant difference for the first season. On the
other hand, SWEL1 increased 1 000 fruit weight,
the number of umbels per plant and fruit yield. The
combined application of NFB2 x SWE1 markedly
enhanced fruit characteristics and total fruit yield,
which gave 27.6% and 32.7% higher fruit yield per
plant than control plants for the first and second
seasons, respectively.

Essential oil

Similarly, oil percentage and yield traits also
improved following NFB and SWE applications
(Table 3). All strains of NFB have enhanced total
oil yield, either per plant or hectare. The most
notable effect was recorded with NFB2 inocula-
tion, which increased oil percentage by 20.37%
and 23.23% for the first and second seasons, re-
spectively. Foliar application of SWE positively
influenced oil production. The application of
SWEL increased the oil percentage by 17.86, 23.35,
7.54, and 8.7% over control and SW2 for the first
and second seasons, respectively. Maximum oil
production was recorded with the combined ap-
plication of NFB2 x SWEI.

Essential oil components

The major detected essential oil components were
a-thujene, phellandrene, a-pinene, cis-sabinene,
B-pinene, a-terpinene, p-cymene, y-terpinene, limo-
nene, terpinene-4-ol and thymol (Table 4). Results
also showed that thymol, y-terpinene, p-cymene, and
3-pinene were the main oil components. All used
NEB strains recorded the highest thymol percentage
compared with NFBO, and the most pronounced effect
was recorded with NFB2. Foliar application of SWE
increased thymol content. The application of SWE1
increased thymol content by 24.57%. The combined
application of NFB2 and SWEI recorded the highest
thymol (52.30%) and the lowest y-terpinene (28.81%).

Photosynthetic pigments

The enhanced results of plant growth character-
istics and fruit yield were attributed to the increase
in photosynthetic pigments content (Table 5), which
was reflected in plant photosynthesis activity and
metabolism. NFB2 inoculation and SWE1 foliar spray
significantly improved total chlorophyll and carotene
content, except for total chlorophyll in the second
season. In this regard, the most pronounced effect
was related to NFB2 x SWE1 treatment.

Total carbohydrates

Table 6 presents the effect of NFB soil application
and SWE foliar spray and their interaction on the
carbohydrate content of ajwain plants. Total car-
bohydrates significantly recorded the highest value
affected by NFB2 compared to uninoculated plants.
Treated plants with SWEI significantly contained
higher total carbohydrates relative to the control in
both seasons. Concerning the interaction, the NFB2 x
SWE1 treatment gave the highest carbohydrate level,
which produced 28.85% and 26.53% higher carbo-
hydrate content compared to the control in the first
and second seasons, respectively.

Total phenols

The phenolic content in ajwain leaves was en-
hanced following NFB soil application compared
to the uninoculated plants (Table 6), where NFB2
soil treatment recorded the highest values in this
respect. About SWE foliar applications, the untreated
plants exhibited the lowest phenolic content (20.87
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Table 4. Essential oil constituents of ajwain plant as influenced by nitrogen fixing bacteria (NFB), seaweed ex-

tracts (SWE) and their combinations

Component (%) RT T1 T2 T3 T4 T5 T6 T7 T8 T9
1 a-thujene 6.48 0.449 - 0.282 0366 0.308 0.263 0.328 0.193  0.204
2 a-pinene 6.72 0.483 0.393  0.393 0.470 0.323  0.204 0.520 0.187  0.254
3 cis-sabinene 6.78 0.449 0409 0.390 0.366 0.215 0.263 0.255 0.193  0.204
4 -pinene 8.21 8.709 7.235 7.658 9435 5.088 4.421 3.088 3.987  4.548
5 D-limonene 8.82 0.256  0.253 0.235 0.190 0.222 - 0.275  0.125  0.143
6 a-terpinene 9.44 0.652 0.568 0498 0479 0.445 0.434 0.443 0.223 0.334
8 p-cymene 9.89 22355 24.676 22.531 20.692 20.743 21.411 21.001 12.379 11.473
7 a-phellandrene 9.97 0.357 0.364 0.282 0.352 0.337 0.590 0.365 0.209 0.242
9 y-terpinene 11.08 48.27 38.79 41.95 49.25 37.85 43.26 39.85  28.81 32.04
10  trans-sabinenehydrate 11.46 0.495 0.815 0906 0.137 0.100 0.816 0.482 - -
11  Terpinen-4-ol 13.91 0.735 1.118 1.083 0.856 0.314 0.305 0.308 - -
12 2-Caren-4-ol 14.06 0.442 0.125 0.152 0.363 0.215 0.129 0.193 0.129 -
13 Thymol 17.40 15.79 24.57  23.63 15.89  26.41 2545 24.21 52.31 46.49
Total identified 99.44  99.324 9999 98.85 92.57 97.54 91.32 98.74 95.93

RT - retention time; T1 — NFBO x SWO0; T2 — NFBO x SW1; T3 — NFBO x SW2; T4 — NFB1 x SWO0, T5 - NFB1 x SWE1;
T6 — NFB1 x SW2; T7 — NFB2 x SWO0; T8 — NFB2 x SW1; T9 — NFB2 x SW2; NFBO — un-inoculated; NFB1 — Azoto-
bacter chroococcum; NFB2 — Azospirillum lipoferum; SW0 — untreated with SWE; SWE1 — 250 mg/L of SWE; SWE2 —

500 mg/L of SWE

and 22.79 mg GAE/g DW for the first and second
seasons, respectively), whereas SWE1 treatment
significantly recorded the highest phenolics (23.8
and 25.5 mg GAE/g DW for the first and second sea-
sons, respectively) level. The highest phenol values
of 25.7 and 27.6 mg GAE/g DW were given by the
NFB2 x SWEL treated plants for the first and second
seasons, respectively.

Total free amino acids

The total free amino acid content in ajwain leaves
was significantly affected following NFB soil applica-
tion compared to the uninoculated plants (Table 6),
as NFB2 treatment significantly recorded the highest
values in this respect. About SWE foliar applications,
the untreated plants exhibited the lowest amino
acids content (0.173 and 0.179 g 100/g for the first
and second seasons, respectively), whereas SWE1
treatment significantly recorded the highest amino
acids level (0.281 and 0.287 g/100 g for the first and
second seasons, respectively). The SWE2 application
ranked second in this respect. The highest amino
acid (0.345 and 0.352 g/100 g for the first and second
seasons, respectively) content was obtained by the
NFB2 x SWEI application.

572

Protein content

Ajwain plants treated with NFB2 showed an en-
hancement in their protein values as compared with
NFBO and NFB1 soil treatments (Table 6). Among
SWE foliar spray treatments, SWE2 was the most
effective concentration in enhancing protein content
in ajwain plants, while SWE1 ranked the second in
this respect. The highest protein content (11.75% and
12.83% for the first and second seasons, respectively)
was given by the NFB2 x SWE2 application.

Nutrient content

The results depicted in Table 7 indicate the con-
tent of nutrients accumulated in ajwain leaves due
to NFB and/or SWE treatments. The content of N,
P, and K was enhanced following NFB applications
as compared with un-inoculated treatments, and
NFB2 presented the highest values in this respect.
SW1 and SW2 foliar applications caused an eleva-
tion in nutrient content, reaching its greatest values
following SW1 application, except for N% that was
mostly improved with SW2. In terms of the inter-
action, the treatment of NFB2 x SW1 showed the
maximum nutrient values in ajwain leaves, except


https://webbook.nist.gov/cgi/cbook.cgi?ID=R235519
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for N% since NFB2 x SW2 treatment resulted in the
highest values in both seasons.

DISCUSSION

The obtained results in this study revealed that
all nitrogen fixing bacteria strains significantly in-
creased the vegetative growth parameters of plant
height, number of branches, fresh and dry weights
as compared to the control in both seasons. The
stimulating effect of NFB on ajwain vegetative growth
may be attributed to the phytohormones released by
N fixers such as indole-3-acetic acid (IAA) (Taghavi
et al. 2009) which increases cell elongation, cell di-
vision and differentiation in plants (El-Serafy et al.
2021), indole-3-butyric acid (IBA) and tryptophol
that indirectly promote plant growth (Mahdy et al.
2024). Also, yield related traits of number of umbels/
plant, fruit yield/plant, and weight of 1 000 fruits
were stimulated following nitrogen fixing bacteria
as compared to the control ajwains.

It is well known that nitrogen application impact
the physiological processes, increases photosynthesis
activities and produces more assimilate, biomass, and
eventually yield (Ghilavizadeh et al. 2013, El-Serafy et
al. 2021, Alayafi et al. 2025). A significant increase in the
crop yield following NFB that can fix about 20-200 kg
N/ha, promote plant growth and productivity of roselle
plants (Bahgat et al. 2023). Free-living N, -fixing bac-
teria e.g. Azotobacter and Azospirillum increases
available N in the soil and releases phytohormones of
gibberellic acid (GA3) and IAA, which could stimulate
plant growth, nutrient absorption, and photosynthe-
sis, leading to an increase in the plant productivity
(Sumbul et al. 2020, Din et al. 2021). The highest and
significant increase in 1 000 fruit weight and fruit
yield was obtained by Azospirillum lipoferum than
Azotobactor chroococcum strains and this may be
attributed to the detection ability of bacteria strains
to root exudates components, or to poor adapta-
tion to root exudates (Banchio et al. 2008). Higher
oil percentage was obtained by ajwain plants which
received Azospirillum lipoferum and Azotobactor
chroococcum soil application and this may be due to
their simultaneous effect on the uptake of nitrogen,
increases the synthesis of secondary metabolites, and
thus increasing the amount of essential oil content
in the plant as reported by Yogita et al. (2013), and
Chahal et al. (2017) in ajwain.

In current investigation, ajwains plants sprayed
with SWE showed an enhancement in their vegeta-
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tive growth traits. This positive effect of SWE can
be attributed to its composition of natural growth
regulators (cytokinins and auxins) which stimulate
plant growth via increasing the number of meta-
bolic events; cell division and enlargement which
in turn increases growth traits (Prasad et al. 2010).
The role of cytokinins in improving overall growth
through promoting the development of lateral buds
and vascular tissues (Wu and Lin 2000). Additionally,
the presence of carbohydrates in the SWE is closely
related to the stimulation of lateral buds for growth
and differentiation (Youssef et al. 2022). The en-
hancement in herb dry weight in this study may be
due to increase in vegetative growth, which may
be reflected in the increase in photosynthesis and
the availability of organic nutrients which led to an
increase in the plant dry weight (Attememe 2009,
Spinelli et al. 2010). It has been found that seaweed
extract stimulated root growth consequently more
water and nutrients from the soil, causing an increase
in the yield (Mancuso et al. 2006; Alam et al. 2013).

Importantly, seaweed foliar application led to an
increase in the yield and oil content in ajwain plants.
The SWE contains various polysaccharides, nutrients,
hormones, betaines, and sterols (Khan et al. 2009).
The presence of carbohydrates in the SWE composi-
tion is associated with the synthesis of plant second-
ary metabolites, including essential oils (Elansary et
al. 2016) which support the current findings. The
beneficial effects of SWE on the essential oil content
improvement have been reported in several aromatic
species (Tawfeeq et al. 2016, Ghatas et al. 2021). The
highest and significant increase in growth and yield
was obtained by SW1 than SW2, however, higher
doses did not yield additional benefits and, in some
cases, caused negative effects. This aligns with Liu
et al. (2024), who reported that excessive fertilisa-
tion reduces nutrient absorption efficiency and may
lead to leaf senescence. Moreover, overuse of sea-
weed extract may restrict root growth and increase
susceptibility to stress and disease, such as root rot
and leaf drop (Shireen et al. 2020, Liu et al. 2024).
Higher nutrients can disturb internal nutrient bal-
ance, consuming energy inefficiently and reducing
productivity (EI-Serafy et al. 2023).

The results obtained revealed that NFB soil supple-
mentation increased chlorophyll, carbohydrates,
and total phenolic compounds in ajwain leaves as
compared to the control. Nitrogen fixing bacteria
produce growth promoting substances resulting in
more efficient absorption of nutrients, which are


https://www.frontiersin.org/journals/plant-science/articles/10.3389/fpls.2020.610026/full#B19

Plant, Soil and Environment, 71, 2025 (8): 565-580

Original Paper

https://doi.org/10.17221/266/2025-PSE

the main components of photosynthetic pigments
and consequently the chlorophyll and carbohydrates
content as well as N, P and K content (Kahil et al.
2017). Leaf pigments play an important role in the
phenols and flavonoids formation that contribute to
the antioxidant activity of sage plants (Amer et al.
2019). It has been found that plant growth promoting
bacteria induced the synthesis of specific phenolic
compounds (Kandoliya and Vakharia 2013) which
in agreement with current results.

Similarly, total free amino acids and protein con-
tent in ajwain plants showed an enhancement fol-
lowing NFB application as compared to the control.
These results are in accordance with findings of
Plaza et al. (2021) who reported that Azotobacter
and Azospirillum are capable of biological N fixation
by reducing the N to ammonia which is necessary
for the synthesis of amino acids that contributed to
protein synthesis in plants. NFB application increased
the N, P, and K percent in leaves as compared to the
control. It is well known that biofertilisation inocula-
tion increased root growth, then water and nutrients
uptake (Singh and Singh 2016). Azotobacter and
Azospirilum soil application increased macro and
micronutrient absorption by plant roots (Adeel et
al. 2014). The considerable potential of N fixation
by these bacteria is due to their ability to produce
the enzyme nitrogenase, which makes it possible to
improve N acquisition efficiency (Zhiyong et al. 2024).

Additionally, foliar application of SWE significantly
enhanced photosynthetic pigment concentrations
and total carbohydrate content, indicating improved
photosynthetic activity (Mughunth et al. 2024). These
effects may be attributed to the presence of bioactive
compounds in seaweed, such as betaines, amino acids,
vitamins, and minerals, which stimulate metabolic
processes and enzymatic activities (Ali et al. 2021).
Furthermore, the increase in chlorophyll content and
improved leaf development suggests that seaweed
extract acts as a natural biostimulant, promoting
plant growth and productivity under various condi-
tions (Mughunth et al. 2024).

The application of seaweed extract has been found
to significantly enhance the accumulation of phenolic
compounds, amino acids, and proteins in plants. The
increase in phenolic content is likely due to the activa-
tion of specific biosynthetic pathways involved in the
production of secondary metabolites, particularly phe-
nolics (Kocira et al. 2022). Furthermore, the elevated
levels of amino acids and proteins can be attributed
to improved nitrogen uptake and assimilation, as N

is a key element in the synthesis of amino acids and
the subsequent formation of proteins. Seaweed extract
enhances nitrogen metabolism in plants, thereby fa-
cilitating the biosynthesis of nitrogenous compounds,
which ultimately supports increased amino acid and
protein production (Mohamed et al. 2023). These
findings are in agreement with previous studies that
highlight the role of seaweed extract in promoting
plant growth and metabolic activity through the im-
provement of nutrient availability and assimilation
processes (Ali et al. 2021, 2023). Seaweed foliar ap-
plication enhances the uptake of essential nutrients
such as N, P, and K due to the presence of bioactive
compounds that stimulate root activity and improve
nutrient absorption. Studies have reported increased
nutrient efficiency and uptake in treated plants which
contributes to better growth and metabolic perfor-
mance (Turan and Kése 2004).

Interestingly, NFB or SWE treatments changed
the percentages of main components detected in
essential oil in this experiment. The alterations in
the essential oil compounds proportion can be in-
fluenced by various factors, e.g. plant genotype,
climatic conditions, growth practices, and harvest
time (Preedy 2015, Youssef et al. 2022). In the pres-
ent experiment, the constituents of ajwain essential
oil responded differently to the application of NFB
and SWE extracts have shown general improvement
in nutrient acquisition capabilities and an improve-
ment in the plant growth.

Seaweed application has been reported to increase
in nitrogen acquisition and the transcription studies
showed that this was due to an overexpression of the
BnNRT1.1/BnNRT2.1 and BnSultr4.1/BnSultr4.2
genes which encode root transporters associated
with the uptake (Billard et al. 2014). Nitrogen may
be effective in accelerating the enzyme activities
that are involved in the conversion of y-terpinene to
thymol. Increasing the application of seaweed extract
increased the percentage of thymol and decreased
y-terpinene and p-cymene. Therefore, nitrogen seems
to stimulate the biosynthesis of thymol at the expense
of y-terpinene and p-cymene, since these substances
are precursors of thymol (Omer et al. 1999).

In conclusions, the effects of incorporated NFB soil
supplementation and exogenous SWE foliar applica-
tion on the growth and productivity of ajwain plants
were evaluated in this study. NFB can biologically fix
nitrogen and produce biological active substances e.g.
auxin, gibberellin, vitamin B, and biotin etc., in the
rhizosphere leading to an enhancement in the plant
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growth. SWE has important growth-promoting sub-
stances, including auxins, cytokinins, gibberellins, and
several nutrients which are essential for plant growth
and production. NFB with foliar SWE applications had
a marked improvement in growth and yield as well as
the composition of Trachyspermum ammi L. essential
oil, in particular the Azospirillum lipoferum x SWE at
250 mg/L treatment. This combined application (NFB2 x
SWE1) was more effective in improving the fruit yield
per plant by 27.6% and 32.7% for the first and second
seasons, respectively. Also, this treatment resulted in the
highest conservation rate of y-terpinene to thymol, as
this treatment exhibited the highest thymol content and
least y-terpinene and P-cymene proportion. Therefore,
this sustainable and ecofriendly application is recom-
mended to improve the productivity and quality of
ajwain aromatic species with high essential oil quality.
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