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Abstract
The need for improving plant production, nutritional value, and medicinal applications has become increasingly 
important due to the growing global population. The caraway (Carum carvi L) plant has been recognized for 
its broad range of nutritional and therapeutic uses. Consequently, this study aimed to increase caraway seeds’ 
nutritional and biological value. To achieve this, the Actinopolyspora sp. JTT-0 strain, isolated from the medicinal 
plant Tephrosia purpurea, was investigated for its potential biofortification role to enhance caraway yield and quality. 
Our results revealed significant improvements (p < 0.05) in various physical parameters, such as seed yield, pod 
length, and bulk density, in the treated seeds compared to the controls. Along with the yield increase, there were 
notable elevations in primary metabolites such as total sugars, proteins, and amino acids. Furthermore, secondary 
metabolites, including essential oils (EOs), alkaloids, steroids, phenols, and vitamins (e.g., tocopherol and ascorbic 
acid), also showed significant increases. Notably, the EO constituents showed varying levels of enhancements, with 
the highest increases in β-pinene (186.2%) and carvacrol (49.2%). Moreover, the treated seeds exhibited improved 
biological activity, as evidenced by their anti-oxidant (anti-lipid peroxidation and DPPH assays) and anti-microbial 
properties compared to the controls. The study reported a positive biofortification effect of the Actinopolyspora sp. 
JTT-01 strain on enhancing caraway seed’s quality and yield. However, additional field trials are needed to evaluate 
the commercial biofertilization capacity of this strain for caraway and other plants.
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Introduction
Caraway (Carum carvi L) is an aromatic plant of the 
Apiaceae family native to Asia, Europe, and Africa. It is 
a spice grown for centuries and is renowned for its wide 
range of nutritional and medicinal benefits. Caraway 
seeds are a valuable source of nutrition, containing lipids, 
vitamins, minerals, essential oils (carvacrol, α-pinene, 
and p-cymene), proteins, phenolic acids, flavonoids, alka-
loids, fiber, terpenoids, and numerous other nutraceuti-
cal compounds [1–5]. This diverse composition makes 
caraway seeds highly valuable for both culinary and 
medicinal applications. Caraway EOs have been shown to 
enhance antioxidant enzyme activity, reduce colon can-
cer cell proliferation and white blood cell malfunctions, 
exhibit anti-diabetic effects, and demonstrate strong 
diuretic properties without renal toxicity in rats [4–9]. 
Beyond their medicinal properties, caraway seeds have 
potential applications in agriculture and food science, 
including seed priming techniques for drought tolerance 
[10] and insecticidal properties for pest control [11].

There have been global efforts to develop sustainable 
agriculture for enhanced production and efficient uses of 
resources while improving the nutritional value of crops 
[12]. Economically, it is beneficial to seek innovative ways 
to improve agriculture without synthetic agrochemicals 
[13]. Organic agriculture offers better yields concern-
ing the nutritional value of fruits and vegetables [14, 15]. 
Growth-promoting bacteria (e.g., endophytic bacteria) 
are a promising approach to organic farming as biofertil-
izers to plant seeds to support nutrient availability and 
uptake [16]. Thus, inoculation with these bacteria could 
serve as a renewable and clean choice to avoid the prob-
lems of synthetic fertilizers [17] and improve the quality 
and yield of many plants, especially those of economic 
value such as wheat, rice, and maize [18, 19]. Diverse bio-
active endophytic actinobacterial genera such as Micro-
bispora, Micromonospora, and Streptomyces have been 
isolated from various plant species [20]. Therefore, sev-
eral bacteria were isolated from multiple medicinal plant 
species, including Tephrosia purpurea, a perennial halo-
phyte herb from the Fabaceae family. Native to tropical 
and subtropical regions, T. purpurea contains bioactive 
compounds with antioxidant, anti-inflammatory, and 
antimicrobial properties and has traditionally been used 
for treating respiratory, gastrointestinal, and skin ail-
ments [21]. As a medicinal and halophyte plant, it thrives 
in saline environments, making it an excellent candidate 
for hosting unique endophytic microorganisms with 
potential biofortification benefits. In this context, leaf 
endophytes can promote plant growth and produce ben-
eficial metabolites, such as phytohormones (e.g., auxins) 
[22].

Among the isolated bacteria, Actinopolyspora sp., iso-
lated from T. purpurea, exhibited strong antioxidant 

bioactivity and growth-promoting ability due to its 
capacity to produce phytohormones, such as auxin [22]. 
Actinopolyspora species also produce bioactive com-
pounds with significant pharmacological effects [23]. The 
genus Actinopolyspora that belongs to the phylum Acti-
nobacteria, was first described in 1975 [24–26]. In this 
context, actinobacteria were reported to promote plant 
growth through various mechanisms like phosphate 
solubilization, nitrogen fixation, and phytohormone pro-
duction [19]. Besides, Actinobacteria are sources of anti-
microbial, immunosuppressant, and anti-oxidant agents, 
and versatile enzymes, and plant growth hormones [27, 
28]. Notable species include Act. halophila, Act. iraq-
iensis, Act. alba, Act. erythraea, Act. xinjiangensis, Act. 
algeriensis, Act. saharensis, and Act. salinaria [29]. Poly-
phasic approaches, including 16  S rRNA phylogenetic 
analysis and genomic DNA GC content, have identified 
novel species such as Actinopolyspora salinaria and Phy-
toactinopolyspora mesophila [25, 26].

Given that we isolated our bacteria from a medicinal 
plant, this study aimed to evaluate how Actinopolyspora 
sp. JTT-01 could improve the growth, yield, and chemical 
composition of medicinal plants like caraway. Although 
studies on the biofortification effects of actinobacteria are 
increasing [30, 31], the impact of Actinopolyspora sp. on 
caraway seeds remains unexplored. This study is the first 
to investigate this strain-plant combination, highlighting 
its potential to enhance caraway seed yield, nutritional 
value, and metabolites, contributing to sustainable agri-
culture by improving crop productivity and quality.

Materials and methods
Bacterial isolation
For bacterial isolation, multiple endophytic bacteria were 
extracted from various medicinal and stress-tolerant 
plants, including T. purpurea. The leaves of these plants 
were used as the primary source for bacterial isolation 
and were washed and disinfected for 3 min with ethanol 
70% then mercuric chloride 0.1% for 5  min and finally 
washed 5 times with sterilized dH2O. A physiological 
saline solution (2 ml) was mixed with the crushed leaves 
and 100 μl of this mixture was spread into yeast-extract 
mannitol agar (YEMA) and incubated at 30 oC for 3 days. 
Colonies were purified [31] and their colony character-
istics were observed. A bacterial suspension in ddH2O 
distilled water at OD600 was used to inoculate the sur-
face-sterilized caraway seeds in triplicate.

Among the isolated bacteria, Actinopolyspora sp., iso-
lated from T. purpurea, exhibited strong antioxidant 
bioactivity (FRAP), antioxidant production (phenolics 
and flavonoids), and growth-promoting ability due to 
its capacity to produce phytohormones (e.g., auxin) was 
selected (Table 1).
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Molecular identification
The DNA extracted from our strain, according to Chen 
et al. [32], was used for amplifying the 16S rRNA gene 
in a 25 μL PCR mix included MgCl2 buffer (1.5 mM), 0.5 
μM of each dNTP (0.2 mM), Taq DNA polymerase (0.625 
U), and the genomic DNA (5 μL) with primer pairs 27F 
(5’-​C​A​G​A​G​T​T​T​G​A​T​C​C​T​G​G​C​T-3´) and 1492R (5´-​A​
G​G​A​G​G​T​G​A​T​C​C​A​G​C​C​G​C​A-3´) [33]. The PCR condi-
tions were an initial denaturation at 95  °C for 5 min, 35 
cycles of denaturation for 45 s at 95 °C, annealing for 45 s 
at 49 °C, extension at 72 °C for 90 s, and a final extension 
at 72 °C for 7 min. Then the PCR products were purified, 
sequenced, and analyzed by the GenBank database and 
the blast program to identify the isolate.

Plant materials and experimental setup
Seeds of caraway (Carum carvi L.) plants were obtained 
from the Agricultural Research Center, Dokki, Giza, 
Egypt. A pot experiment was conducted using a com-
pletely randomized design with two treatments. The 
treatments consisted of two biofertilization levels: one 
with no biofertilization and the other with biofertiliza-
tion using Actinopolyspora sp. JTT-01. After prelimi-
nary screening among other 9 endophytes from different 
medicinal plants, Actinopolyspora sp. JTT-01 displayed 
significant accumulations in yield and metabolite of cara-
way yield and therefore was selected for this study. The 
biofertilization treatment involved culturing the bacte-
rial strain in Nutrient Broth at 29  °C for 24  h, followed 
by centrifugation at 5000 rpm for 15 min. The pellet was 
washed and adjusted to a density of 10− 6 CFU mL− 1 (OD 
600 nm = 0.6–0.7). This suspension was applied to the soil 
before planting and added to the pots biweekly. Seeds of 
caraway were uniformly chosen, sterilized for 20 min at 
5% v/v with Na-hypochlorite, and then wholly cleaned 
with distilled water. Then they were sown in pots (60 cm 
X 45  cm) containing 1.5  kg of loamy soil with organic 
compost in a 1:1 ratio, ensuring the mixture reached 65% 
of soil water content. This soil was then used to cultivate 
caraway seeds, which were divided into two groups: one 
group was treated with Actinopolyspora sp. JTT-01, while 
the other group remained untreated as a control. Each 

treatment included 6 pots, with each pot containing 4 
plants. Every 2 pots represented a biological replicate, 
resulting in three biological replicates per treatment. All 
pots were weighed daily to maintain a water level above 
65% of soil water content. The pots were placed in a 
growth chamber with 60% humidity, 250 μmol PAR m− 2 
s− 1, 22/18 oC air temperature, and 16/8 hour day/night 
photoperiod. The experiment was repeated twice. The 
harvest was done 157 days, typically in its maturation or 
seed-ripening stage, after sowing and growth parameters 
were assessed. For further analyses, seeds were ground in 
liquid N [30].

Physical parameters measurements
Seed yield was determined by collecting and weighing all 
mature seeds from each plant. Pod length was measured 
using a ruler. Bulk density was calculated by weighing a 
known volume of seeds using a graduated cylinder and 
dividing the mass by the volume to obtain the density (g/
cm³).

Minerals content determination
Seeds were dried in the oven and 0.1 g was extracted in a 
mixture of HNO3 and H2O (5:1 v/v) in an oven. To detect 
the concentrations of minerals (K, P, Ca, Mg, Na, Fe, Zn, 
Cu, and N) in the extract, mass spectroscopy (ICP-MS, 
Bremen, Germany) was used [34].

Nutrient analyses
The sugar content in the dry seeds was determined by the 
method of Hatanaka and Kobara [35]. Seeds were ground 
in liquid nitrogen and subjected to acid hydrolysis (0.2 M 
sulfuric acid). After boiling the sample, the solution is 
neutralized, and filtered, and the resulting sugars are 
quantified using the spectrophotometric methods at 600 
nM. For lipid content extraction, a mixture (2:1, v/v) of 
chloroform and methanol was used as described in Bligh 
and Dyer [36]. Ethanol was used to precipitate the fiber 
content which was then determined as described in the 
“Official Methods of Analysis” from 1995 [37]. The total 
content of protein, alkaloids, and saponins was also mea-
sured. Total proteins were quantified using the modified 
semimicro-Kjeldahl method [38]. Samples were digested 
in sulfuric acid, with nitrogen converted to ammonium 
sulfate, followed by distillation, trapping, and titration. 
The nitrogen content was used to calculate protein lev-
els using a 6.25 conversion factor, providing reliable pro-
tein estimates. The total alkaloid content was determined 
using a Bismuth nitrate pentahydrate calibration curve 
[39]. Methanolic extracts at pH 2-2.5 were mixed with 
Dragendroff’s reagent and centrifuged at 5000  rpm for 
10  min. The precipitate was washed twice with metha-
nol, treated with disodium sulfide solution, and cen-
trifuged again for 10 min at 5000  rpm. The residue was 

Table 1  The biological (ferric reducing antioxidant capacity 
(FRAP)), production of plant growth regulators (indole-3-acetic 
acid (IAA), phenolics and flavonoids, and solubilization of 
nutrients of Actinopolyspora sp. JTT-0
Antioxidant activity (FRAP) (μmole Trolox g − g DW) 75.0 ± 4.5
Total flavonoids (mg quercetin equivalent (QE) g-1 DW) 17.2 ± 2.1
Total phenols (mg gallic acid equivalent (GAE) g-1 DW) 42.7 ± 5.3
IAA (mg g-1 DW) 6.3 ± 0.7
Ammonia (mg L-1) 7.2 ± 0.7
Phosphate (mg L-1) 163.0 ± 9.7
Values are represented by means ± standard deviations of three independent 
replicates
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dissolved in concentrated nitric acid, diluted with Milli-
Q water, and mixed with 3% thiourea solution. Absor-
bance was measured at 435 nm against a blank of nitric 
acid and urea. Saponin extraction and quantifications 
were performed according to [40]. Briefly, ground, dried 
seeds were extracted in petroleum ether, shaken for 4 h, 
and the solvent removed using a vacuum rotary evapora-
tor. Saponin was then extracted from the residues in 80% 
aqueous methanol. The extract was filtered and stored at 
4  °C. A spectrophotometric method was employed for 
quantification, utilizing vanillin as a reagent. The absor-
bance of the reaction mixture was measured at 544  nm 
using a UV–Vis spectrophotometer (Shimadzu UV-160 A 
PC, Shimadzu Corporation, Kyoto, Japan). A standard 
curve was constructed using known concentrations of 
crude soya saponin, and the saponin content of the sam-
ples was expressed as mg soya saponin/100 g sample.

Analysis of amino acid profile
For obtaining the individual amino acids, fresh caraway 
seeds (0.5 g) were homogenized in a mixture of ethanol 
and water in MagNALyser equipment. A centrifugation 
was done at 15,000 rpm for 25 min and the supernatant 
was then dried and redissolved in chloroform. The aque-
ous phase was separated and filtered with a 0.22 μm filter 
paper. The amino acid concentrations were determined 
in a HPLC system (Waters Acquity UPLC-tqd) supported 
with a BEH amide 2.1 × 50 column [41], and the composi-
tion of amino acids was determined by the corresponding 
peak area of each standard.

Vitamin analysis
The reversed-phase HPLC was used to analyze the 
tocopherols. For ascorbate, it was combined with hexane 
and metaphosphoric acid in the MagNALyser (Roche, 
Vilvoorde, Belgium), and then centrifuged at 4  °C and 
14,000  g for 20  min. Also, for separating thiamine and 
riboflavin, a reverse-phase C18 column with ethyl alco-
hol and water (mobile phase) was used as previously 
described [42]. The HPLC system from Agilent Technolo-
gies (Santa Clara, CA, USA) was used for the separations.

Determination of total phenolic and flavonoid contents
Fresh seeds were dried in air and 100  mg was homog-
enized in 1  ml of ethanol (80%). Then, centrifugation 
was done for 20  min at 4  °C. Ethanol (80%) was also 
used for the flavonoid content extraction and the micro-
plate method with quercetin (as a standard) was used 
for determining the total flavonoids [43]. For flavonoid 
content, a modified AlCl3 colorimetry with quercetin 
(standard) was used. For the total phenolic content, the 
Folin-Ciocalteu assay, with gallic acid (standard), was 
used [44].

Analysis and determination of the EO levels and 
metabolism
To extract the EOs, fresh seeds were air dried, and 15 g 
was distilled in steam for 3  h using a Clevenger-type 
apparatus [45]. This method allows for efficient extrac-
tion of volatile compounds from the seeds. Concentra-
tions were measured in percentages using the GC/MS 
analysis [46]. The contents of the seed’s EOs were deter-
mined by a thermoquest GC–MS instrument (EI mode at 
70  eV), equipped with a DB-1 fused silica capillary col-
umn (60 m × 0.25 mm id., film thickness 0.25 mm). The 
temperatures of the detector and injector were 300 oC 
and 250 oC, respectively. The temperature started at 40 
and increased to 250 oC at 4 oC min −1, and finally kept 
constant for 10 min at 250 oC. The carrier gas (He) was 
used at a flow rate of 1.1 mL min− 1. The EOs were identi-
fied and compared, upon their mass spectra, with those 
in the NIST library [47]. Details on the retention time 
(RT), Kovats index (KI), and % of each compound in the 
essential oil are presented in Supplementary Table 1.

Assessment of biological activities
Seeds were ground and 50 mg of the powder was added 
to 10 mg of the investigated strain and extracted in ethyl 
alcohol (80% v/v) 3 times in a MagNALyser (Roche, 
Vilvoorde, Belgium) device. Then, centrifugation at 
14.000 rpm for half an hour at 4 °C and the supernatant 
was used for the anti-oxidant and anti-microbial assays as 
below:

In-vitro anti-oxidant activity
To investigate the anti-oxidant properties of caraway 
seed extracts, 300 mg of seeds was added to 3 ml of ethyl 
alcohol (80%) till homogenization. The extracts were then 
mixed with DPPH dissolved in 95% ethyl alcohol (0.5 mL 
of 0.25 mM) [48]. The mix was then incubated for half 
an hour at 30  min, and 2  ml of ddH2O was added. The 
absorbance (517  nm) was then measured with a micro-
plate (Synergy Mx, Promega, Madison, WI, USA) reader 
[49]. A trolox calibration curve (0 to 650 μM) was utilized 
to calculate the anti-oxidant activity. For lipid peroxida-
tion, the MDA reaction, in the treated and control seed 
samples, was detected. In the assay, MDA in the sample 
reacted with thiobarbituric acid (TBA) to form an MDA-
TBA adduct, which can be quantified calorimetrically 
(OD = 532 nm) or fluorometrically (Ex/Em = 532/553 nm) 
[50].

Anti-microbial assay
Ethanolic extracts of caraway seeds were used to test 
their activity against some bacterial and fungal patho-
gens using the disc diffusion method and the Muller-
Hinton agar medium. Suspensions from each pathogen 
(106 CFU/ml) were distributed evenly onto the medium. 
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Disinfected filter paper discs loaded with seed extracts 
(5 μg/disc) were settled gently on the inoculated agar sur-
face and discs with ethanol were used as controls. Media 
with discs were incubated for 24 h at 37˚C and the for-
mation of inhibition zones around the discs was observed 
and measured. For anti-fungal activity, the well diffusion 
method in which wells in the agar were loaded with the 
seed extracts and plates were incubated at 30 ˚C, and 
the inhibition zones around the wells were measured to 
determine the anti-fungal activity of the extracts [51].

Statistical analysis
The mean analysis of the collected data was performed 
by calculating the value of each variable across replicates. 
Data points from each treatment group were averaged to 
obtain the mean values. Multiple software applications 
were employed to examine the data, including R software, 
Microsoft Excel 365, SPSS, and GraphPad Prism, version 
8.4.2. The normality and homogeneity of variances were 
evaluated using the Kolmogorov-Smirnoff and Levene’s 
tests, respectively using SPSS, version 20.0 (IBM Corpo-
ration, Armonk, NY, USA). The analysis was conducted 
using R software (Vienna, Austria), which was loaded 
with the required data package [46]. By incorporating the 
“factoextra” and “FactoMineR” packages in R, it was pos-
sible to analyze a dataset containing continuous variables 
using principal component analysis (PCA) [52]. Radar 

plots, with statistical significance defined as p < 0.05 and 
non-statistical significance defined as p > 0.05.

Results and discussion
Molecular identification of the isolate
The 16 S rRNA gene sequencing is a reliable and precise 
tool for identifying and classifying endophytic actinobac-
teria and valuable insights into the diversity and phylo-
genetic relationships of actinobacteria, enhancing the 
comprehensive understanding of their taxonomy [53]. 
The 16 S rRNA gene sequence BLAST analysis revealed 
that the isolate was related to Actinopolyspora species. 
Phylogenetic tree construction based on 16 S rRNA simi-
larity confirmed the identification as Actinopolyspora sp., 
specifically clustering with Actinopolyspora sp. VITSDK2 
EU551237 with 100% similarity (Fig.  1). Actinobacte-
ria are significant plant endophytes identified in various 
medicinal plants. For example, Passari et al. [54] identi-
fied 42 endophytic actinobacteria, mostly Streptomyces, 
from 7 medicinal plants. Also, Qin et al. [55] conducted a 
comprehensive study using both cultivation and culture-
independent methods and identified 312 actinobacteria 
affiliated with 21 genera, including rare ones. Actinop-
olyspora sp. has been previously isolated from some 
medicinal plants such as Mentha arvensis, Aloe vera, 
and Ocimum sanctum [56]. The findings suggest that 
medicinal plants harbor unexplored actinobacteria with 

Fig. 1  Neighbor-joining-based phylogenetic tree of the isolate Actinopolyspora sp. JTT-01 based on the 16 S rRNA gene sequences. The bootstrap values 
for each node were determined from 100 replicates. Escherichia coli, Streptomyces megaspores, Actinomadura hibisca JCM 9627, and Bacillus subtilis, were 
used as the outgroup for this analysis
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promising bioactive properties, offering new opportuni-
ties for bioprospecting and natural product discovery.

Yield and physical properties of the Actinopolyspora sp JTT-
01-treated caraway seeds
The statistical (radar) plot (Fig. 2) demonstrates the mean 
values of the investigated seed parameters in Actinop-
olyspora-treated seeds and controls. Our results showed 
that Actinopolyspora sp JTT-01 significantly increased 
(p ≤ 0.05) the bulk density, pod length, and seed yield 
by 60, 51.6, and 67.8%, respectively, and caused nonsig-
nificant increases (p > 0.05) in length, mass, width, and 
thickness of the treated seeds compared to controls. 
Likewise, earlier studies have consistently shown that 
inoculating seeds with actinobacteria can promote the 
growth of various plant species [57]. Like our findings, 
seeds treated with Nocardiopsis sp. exhibited enhanced 
biomass accumulation, improved seed germination, and 
increased shoot and root length [31]. Besides, increases 
in seed yield and dry weight of aniseeds were observed 
after treatment with an actinobacterial Actinomycetota 
sp. JW0824 strain compared to untreated controls [30]. 
This enhancement is achieved through several mecha-
nisms, including the production of growth hormones, 
improved nitrate uptake, and phosphate solubilization 
[58]. Consistently, Actinopolyspora sp. JTT-01 exhib-
ited strong growth-promoting ability due to its capacity 
to produce phytohormones, such as auxin [22]. In addi-
tion to auxin production, this strain demonstrated a sig-
nificant ability to synthesize phenolic compounds and 

flavonoids and showed effective phosphate solubilization 
activity, enhancing phosphorus availability to plants, a 
critical nutrient for root development and overall plant 
growth (Table 1). These attributes make Actinopolyspora 
sp. JTT-01 a promising candidate for biofertilization and 
sustainable agriculture, offering a multi-faceted approach 
to improving crop productivity.

The impact on seed mineral, ash, and crude fiber contents 
of Actinopolyspora sp. JTT-01-treated caraway seeds
For mineral content, our results revealed that seeds 
treated with Actinopolyspora sp. JTT-01 strain accu-
mulated most minerals (K, Ca, N, Fe, Mg, Na, Cu, and 
Zn) higher than controls (Fig.  3). A clear separation is 
observed for most minerals towards the Actinopolyspora 
sp. JTT-01-treated caraway seeds along the PCA verti-
cal axis with 53.3% of the total variation (Fig.  3). The 
improved mineral availability leads to enhanced chlo-
rophyll and photosynthesis which results in improved 
primary metabolism as reported herein in this study. 
Research has reported that actinobacterial inocula-
tion increases the availability of minerals in the soil and 
several plant species [59–62]. The enhanced mineral 
accumulation after Actinopolyspora sp. JTT-01 treat-
ment might be correlated to enhanced mineral avail-
ability in soil by our strain through, modified soil pH, 
and improved exchange capacity of cations [63, 64]. In a 
similar vein, El-Tarabily et al. [65] found that Micromono-
spora endolithica enhanced phosphate solubilization, 
leading to increased soil levels of magnesium, iron, zinc, 

Fig. 2  Radar plot for yield and physical properties of the caraway seeds treated with Actinopolyspora sp. JTT-01 and their corresponding untreated con-
trols. Values are Mean ± SE
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and potassium. Additionally, actinobacteria can boost 
plant mineral accumulation by promoting root growth, 
improving water uptake, and enhancing nutrient absorp-
tion [66]. For example, Boondaeng [67] found that Strep-
tomyces lavenduligriseus produces phytohormones like 
IAA, stimulating root elongation and branching, thus 
enhancing root surface area for nutrient uptake. Addi-
tionally, Actinobacteria can solubilize essential nutrients, 
particularly phosphorus and potassium, making them 
available to plants [68]. They also increase iron avail-
ability by producing siderophores that chelate iron [69]. 
Moreover, the increase in phenolic compounds reported 
herein (Fig. 3) in the treated caraway seeds could corre-
late to the increased mineral availability because of the 
chelating properties of phenols as previously described 
[70].

The relationship between increases in vitamins and 
minerals in Actinopolyspora sp. JTT-01-treated seeds 
was analyzed by Pearson’s correlation coefficient 
(Fig.  4) which revealed significant positive correlations 

(p < 0.05) between some vitamin pairs (like tocoph-
erol- α-carotene), mineral pairs (like Ca-K and NA-Mg), 
and vitamin-mineral pairs (like P-ascorbic acid and 
Na- α-carotene). Also, significant negative correlations 
were observed between vitamin pairs (like α-carotene-
thiamine), vitamin-mineral pairs (like Cu- ascorbic acid), 
and mineral pairs (like P-K, Zn-P, and Mg-P). Similarly, 
research has reported that vitamin and mineral contents 
are closely correlated and mutually support each other’s 
functions which is beneficial for plant health, growth, and 
development. For instance, vitamin C (ascorbic acid) was 
found to facilitate Fe uptake by reducing it from (Fe³⁺) 
into (Fe²⁺) [71]. Besides, Mg is a co-factor for many criti-
cal enzymes in the biosynthesis of vitamins like B6 and 
E. Besides, the vitamins C together with Zn were found 
to help plants synthesize anti-microbial compounds to 
enhance plant resistance against pathogens [72]. Besides, 
specific minerals are crucial in the biosynthesis of some 
vitamins. For instance, Co was essential for synthesizing 
vitamin B12 [73]. Furthermore, minerals like iron play a 

Fig. 3  Principal component analysis (PCA) of vitamin, mineral, and phenolic-flavonoid profiles of control and Actinopolyspora sp. JTT-01-treated caraway 
seeds, with 53.3% total variance described along the first axis (Dim 1) and 24.2% along the second axis (Dim 2)
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role in the biosynthesis of riboflavin (vitamin B2), link-
ing mineral nutrition to vitamin production [74]. In a 
recent study [75], broccoli microgreens’ total Vit C con-
tent was positively correlated with K levels and negatively 
with other minerals such as N, P, and Mg. Understand-
ing these interactions is essential for improving effective 
agricultural practices to enhance crop nutritional quality.

Enhanced primary metabolites in caraway seeds after 
inoculation with Actinopolyspora sp. JTT-01
Primary metabolites like lipids, proteins, and sugars are 
crucial for plant nutritional value [49]. Actinobacterial 
inoculants, like Actinopolyspora sp. JTT-01 can enhance 
the production of these metabolites, improving plant 
nutritional quality [30]. Our study revealed that Actinop-
olyspora sp. JTT-01 significantly increased total sugar, 
protein, and lipid content in caraway seeds (Fig. 5) [76]. 
The enhanced sugar content could provide the plants 

with carbon and energy for further metabolic processes. 
Similarly, actinobacterial inoculation has been shown to 
increase sugar content in aniseeds [30]. Increased mineral 
availability in Actinopolyspora sp. JTT-01-treated seeds 
likely contributed to enhanced photosynthetic activity, 
leading to increased sugar production (Fig.  6) [76]. In 
addition to increased sugar levels, caraway seeds inocu-
lated with Actinopolyspora sp. JTT-01 also accumulated 
higher levels of total proteins and lipids, possibly due to 
increased carbon and nitrogen availability [59, 61, 77]. 
Sugar-derived carbon is funneled through these pathways 
to drive amino acid biosynthesis through glycolysis and 
the tricarboxylic acid (TCA) cycle [78]. Consistently, the 
treated caraway seeds exhibited increased levels of sev-
eral amino acids, particularly lysine, histidine, alanine, 
arginine, phenylalanine, threonine, glutamine, cystine, 
and glutamic acid (Table 2) [50]. This increase in amino 
acids could also be attributed to enhanced mineral (e.g., 

Fig. 4  The correlation coefficient of minerals, and vitamins in caraway seeds treated with Actinopolyspora sp. JTT-01 strain, by Pearson’s correlation 
analysis
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nitrogen) availability or direct excretion by the strain 
[79], where growth-promoting microbial strains can pro-
duce amino acids or their precursors in the plant tissues.

Enhanced secondary metabolites in caraway seeds after 
inoculation with Actinopolyspora sp. JTT-01
The enhancement of secondary metabolites such as tan-
nins, alkaloids, flavonoids, saponins after actinobacterial 
inoculation was reported in different plant species [30, 
31]. Likewise, the current findings of this study indicated 
a substantial increase in most of the identified second-
ary metabolites when inoculated with Actinopolyspora 
sp. JTT-01. For example, the total contents of pheno-
lics, alkaloids, saponins, and steroids were significantly 
increased by 121.4, 100.9, 111, and 22.5%, respectively. 
Consistent with our findings, inoculating maize with 

actinobacteria elevated the phenolic acids and other sec-
ondary metabolites in both normal and drought-stressed 
plants [80]. The increase in secondary metabolites fol-
lowing actinobacterial treatment may be attributed to 
enhanced photosynthesis, which supplies the necessary 
precursors and energy for their biosynthesis [81]. In 
this context, sugars and amino acids play a crucial role 
in providing carbon and energy for the biosynthesis of 
secondary metabolites such as phenolics and flavonoids. 
Sugars, through glycolysis and the pentose phosphate 
pathway, provide essential carbon skeletons and reduc-
ing power (NADPH) required for phenolic production 
[82]. Furthermore, the actinobacteria secreted second-
ary metabolites that accumulated in the treated plant 
[81]. The elevation in total phenolics after actinobacterial 
inoculations has been reported in many plants [59, 61]. 

Fig. 5  Heatmap showing the changes in the profile of the investigated primary and secondary metabolites and EO constituents in caraway seeds treated 
with Actinopolyspora sp. JTT-01. Data are represented by the means of at least 3 replicates
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For example, phenol and flavonoid contents were signifi-
cantly affected by Actinobacterial inoculations [83, 84]. 
The increase in total phenolics observed with Actinop-
olyspora sp. JTT-01 may be due to their ability to release 
these compounds into the soil or plant tissue (Table  1). 
Our results revealed that many components in this profile 
such as caffeic acid, p-coumaric acid, luteolin, apigenin, 

tricin, and vitexin were enhanced due to the inocula-
tion with Actinopolyspora sp. JTT-01strain (Fig. 3). This 
appeared in the PCA analysis where these enhanced ele-
ments of the phenolic-flavonoid profile were separated 
towards the Actinopolyspora sp. JTT-01-treated cara-
way seeds along the PCA vertical axis with 53.3% of the 
total variation. The enhanced phenolic and flavonoid 
levels observed in the study with treated caraway seeds 
could boost their anti-oxidant capabilities, improve resis-
tance to soil-borne pathogens, and increase the mineral 
content in both the soil and the seeds [70]. The plant 
contents of phenols and flavonoids were found to be sig-
nificantly affected by the actinobacterial inoculation [83, 
84]. Additionally, the accumulation in the total phenolics 
observed after inoculation with our Actinopolyspora sp. 
JTT-01 strain may be attributed to the release of such 
compounds into the soil by our strain. These compounds 
can be then taken in by roots and ultimately accumulate 
in various parts of the plant like seeds [81]. The observed 
increase in saponins, alkaloids, and phenols due to our 
strain could contribute to the hypocholesterolemic activ-
ity of the treated seeds [85].

Among secondary metabolites are vitamins, where our 
results showed that tocopherol (Vit E), α-carotene (Vit 
A), and phylloquinone (Vit K) vitamins were enhanced 
with Actinopolyspora sp. JTT-01, by 36.48, 46.15, and 
78.57%, respectively (Fig. 3). This appeared as a clear sep-
aration for most of these enhanced vitamins towards the 
Actinopolyspora sp. JTT-01-treated caraway seeds along 
the PCA vertical axis with 53.3% of the total variation. 
Similarly, Shi [86] reported increased contents of Vit. C 
and Vit. B in beetroots treated with Acinetobacter johnso-
nii strain. Additionally, AbdElgawad et al. [60] found that 

Table 2  Amino acid concentrations in uninoculated control and 
Actinopolyspora sp. JTT-01-inoculated caraway seeds
Amino acids Control Actinopolyspora sp. JTT-01
Lysine 1.53 ± 0.01 a 2.44 ± 0.31 b
Histidine 1.52 ± 0.25 a 1.13 ± 0.01 a
Alanine 0.54 ± 0.09 a 1.44 ± 0.18 b
Arginine 0.94 ± 0.02 a 1.17 ± 0.13 b
Isoleucine 0.07 ± 0.01 a 0.12 ± 0.01 a
Asparagine 0.53 ± 0.13 a 0.90 ± 0.10 a
Ornithine 0.17 ± 0.02 a 0.12 ± 0.02 a
Glycine 0.61 ± 0.15 a 0.75 ± 0.12 a
Phenylalanine 0.17 ± 0.04 a 0.32 ± 0.00 b
Serine 0.18 ± 0.04 a 0.29 ± 0.03 a
Proline 0.59 ± 0.15 a 0.59 ± 0.07 a
Valine 0.25 ± 0.06 a 0.29 ± 0.08 a
Aspartate 0.02 ± 0.002 a 0.02 ± 0.00 a
Cystine 0.01 ± 0.003 a 0.11 ± 0.00 b
Leucine 0.14 ± 0.03 b 0.01 ± 0.00 a
Methionine 0.008 ± 0.00 b 0.01 ± 0.00 a
Threonine 0.05 ± 0.01 a 0.07 ± 0.01 a
Tyrosine 0.51 ± 0.13 a 0.65 ± 0.07 a
Glutamine 44.37 ± 2.94 a 50.32 ± 2.59 b
Glutamic acid 38.21 ± 1.67 a 48.52 ± 5.13 b
*Values in the table represent mean ± SD of 3 independent replicates, with 
different letters representing significant differences between the treatments 
at p value < 0.05

Fig. 6  Radar plot for the anti-oxidant biological activity of the caraway seeds treated with Actinopolyspora sp. JTT-01 and their corresponding untreated 
controls. Values are Mean ± SE
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the vitamin content, including β- and γ-tocopherols, was 
elevated in the seeds of different plants with various acti-
nobacterial strains. These actinobacteria can produce and 
release many types of vitamin B into the soil [87], which 
can be taken in by plant roots as reported in soybean 
roots [88]. In a similar study, Yousaf et al. [89] discovered 
that metabolites produced by Acetobacter aceti, such as 
quinolinic acid and p-aminobenzoate, played a signifi-
cant role in promoting vitamin synthesis in barley seeds. 
Overall, the accumulations in some vitamins in response 
to our Actinopolyspora sp. JTT-01 strain could offer a key 
solution to address deficiencies in micronutrients [62].

Regarding (EOs), research has shown that actinobacte-
rial inoculants can enhance EO biosynthesis in various 
plant species [90]. Similarly, actinobacteria and mycor-
rhizal fungi have been found to boost plant growth 
and EO biosynthesis in many plants [91]. In this study, 
caraway seeds treated with Actinopolyspora sp. JTT-
01 exhibited significant increases in EOs, particularly 
β-pinene (186.2%), carvacrol (49.2%), thujene (80%), and 
p-cymene (67.8%) (Fig. 5). Previous studies also identified 
these components as key constituents in plant EOs [92, 
93].

Observed increases in EOs can be explained by the 
activating key enzymes involved in the biosynthesis 
pathway as a recent study [30] reported that actinobac-
teria enhanced the accumulation of EO components like 
phenylpropanoids and monoterpenes by increasing phe-
nylalanine and activating essential oil metabolic enzymes 
(PAL and DAHPS). The elevated EO levels after actino-
bacterial treatments offer a promising strategy to com-
bat antimicrobial resistance. For example, carvacrol and 
thymol disrupt bacterial membranes [94], while linalool 
and cinnamaldehyde interfere with critical enzymatic 
pathways [95]. EOs from plants like Rosmarinus offici-
nalis and Lavandula angustifolia have shown significant 
antibacterial activity, particularly against Klebsiella pneu-
moniae and Pseudomonas aeruginosa by targeting bac-
terial proteins [96]. Beyond direct antimicrobial effects, 
EOs can inhibit bacterial biofilm formation, reducing 
adhesion and protective layer development [97]. In a 
recent study by Xu et al. [98], actinobacterial inoculation 
has been reported to enhance EOs in chickpea seeds by 
improving nitrogen fixation, gene expression, and root 
exudate interactions. These increases may be also linked 
to enhanced mineral availability, vital for coenzymes 
such as adenosine triphosphate (ATP) and coenzyme A 
(CoA), which are crucial for terpenoid biosynthesis [93]. 
Additionally, the higher sugar content in treated caraway 
seeds may trigger EO synthesis, as previously reported 
[44].

Among the highest increases was in carvacrol, a mono-
terpenoid phenol known for its flavoring, insecticidal, 
antimicrobial, anticancer, and antioxidant properties 

[99]. The elevated EO levels could boost defensive 
responses, explaining the seeds’ broad-spectrum antimi-
crobial activity. Similarly, previous research has shown 
that actinobacteria can increase the insecticidal and anti-
microbial activities of plants by enhancing EO constitu-
ents [100]. In summary, the improved EO composition 
in seeds highlights the link between microbial interac-
tions, plant growth, and bioactive metabolite produc-
tion. The increased yield, biomass, bioactive metabolites, 
and oil composition in caraway seeds treated with Acti-
nopolyspora sp. JTT-01 suggests this strain is an effec-
tive candidate for improving caraway seed growth and 
characteristics.

The biological activity of the inoculated caraway seeds; 
anti-oxidant and anti-microbial properties
The biological activity of plant seeds depends upon their 
bioactive secondary compounds like phenolics and flavo-
noids, and their anti-microbial and anti-oxidant activity 
as well. The anti-oxidant compounds found in seeds play 
a significant role in protecting against chronic diseases 
and oxidative stress [101]. Similarly, actinobacterial inoc-
ulation displayed a crucial role in enhancing seed anti-
oxidant properties through modulating stress-responsive 
gene expression and strengthening the anti-oxidant 
defense system [99].

Treated caraway seeds in this study showed increased 
anti-oxidant properties over control through their abil-
ity to prominently quench hydroxyl, 1,1-diphenyl-2-pic-
rylhydrazyl (DPPH) radicals, and lipid peroxides. Results 
revealed increments in the measured components of phe-
nolics and flavonoids like caffeic acid, p-coumaric acid, 
quercetin, luteolin, naringenin, and tricin after inocula-
tion with Actinopolyspora sp. JTT-01. Actinopolyspora sp. 
JTT-01-inoculated caraway seeds caused increased anti-
oxidant activity by 10.3, 18.2, and 46.3% for DPPH, TAC, 
and anti-lipid-peroxidation assays, respectively (Fig.  6). 
The increased anti-oxidant activity reported herein could 
be ascribed to the observed increments in minerals and 
bioactive metabolites like in caraway seeds after inocula-
tion as reported [59]. Anti-oxidants scavenge free radi-
cals and prevent their accumulation which could inhibit 
cell damage, cancer, and other diseases. Also, caraway 
EOs were found to decrease the pace of lipid peroxida-
tion products in intestinal, colonic, and caecal tissue. 
They enhanced the activity of anti-oxidant enzymes such 
as catalase and superoxide dismutase, reducing cancer-
ous cell proliferation in rats [6]. Additionally, the induc-
tion of anti-oxidant enzymes and phenolics in chickpea 
leaves following inoculation with the endophyte Strepto-
myces sp. suggests a potential mechanism for enhancing 
plant defense mechanisms and resistance against patho-
gens [102]. Further research into the specific mecha-
nisms by which actinobacteria influence the anti-oxidant 
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properties of plant seeds is warranted to fully compre-
hend and utilize their anti-oxidant potential for human 
health.

Concerning anti-microbial activity, the ability of acti-
nobacteria to synthesize bioactive compounds with 
anti-microbial activities against a broad spectrum of 
pathogens has been reported, suggesting their role in 
suppressing plant pathogens and enhancing seed qual-
ity [39, 79, 103]. Our results unveiled that Actinopolys-
pora sp. JTT-01-treated caraway seeds have inhibited the 
growth of various pathogens including Gram‑positive 
and Gram‑negative bacteria, in addition to the fungi Can-
dida glabrata and Aspergillus flavus. Among the highly 
inhibited pathogens, the largest zones of inhibition were 
recorded against Staphylococcus epidermis (22 mm), Sal-
monella typhimurium (17  mm), and Aspergillus flavus 
(15 mm). Also, non-significant inhibitions (than controls) 
were recorded against Enterococcus faecalis, Pseudomo-
nas aeruginosa, Salmonella typhimurium, and Candida 
albicans (Table 3). Our results additionally demonstrated 
that the Actinopolyspora sp. JTT-01-treated caraway 
seeds exhibited higher activity against the tested Gram-
positive than Gram-negative bacterial pathogens. In line 
with our results, the Actinopolyspora W20 strain, due to 
its volatile secondary metabolites and phytohormones, 
was able to antagonize most of the test phytopathogenic 
fungi including Aspergillus niger, A. flavus, Alternaria 
brassicicola, Botrytis cinerea, Fusarium oxysporum, and 
Phytophthora dresclea [22]. Also, extracts of Brassica 
oleracea sprout treated with Nocardiopsis species dis-
played improved anti-microbial activity against many 
pathogens including P. aeruginosa, (A) flavus, E. coli, S. 

saprophyticus, S. salivarius, and C. glabrata. The corre-
lation between the increased contents of both phenols 
and EO content and the anti-oxidant activity of cara-
way-treated seeds along with the increase in the anti-
microbial activity of these seeds is obvious in this study. 
Similarly, a previous study by Vijayabharathi et al. [102] 
reported that actinobacterial endophytes could enhance 
the chickpea plant’s defense and resistance against (B) 
cinerea by inducing anti-oxidant enzymes and pheno-
lics. Phenols, alkloids, and EOs inhibit bacteria growth by 
disrupting cell membranes, causing leakage of vital con-
tents [94]. They also interfere with key bacterial enzymes, 
hindering growth and replication. Additionally, both can 
disrupt quorum sensing, reducing biofilm formation and 
making bacteria more susceptible to treatments [97]. In 
conclusion, the application of actinobacterial inoculation 
shows promise in enhancing the anti-microbial activity 
of plant seeds and promoting overall plant health and 
productivity.

Conclusion
Seed treatment with Actinopolyspora sp. JTT-01 offers 
a promising biofortification strategy for enhancing the 
yield, nutritional content, and bioactivity of caraway. 
This approach leads to notable increases in essential oils, 
nutritional metabolites, and antioxidant and antimicro-
bial properties. These enhancements, particularly in key 
nutrients and bioactive compounds, suggest a potential 
for developing caraway products with enhanced nutri-
tional and medicinal value. The findings of this study 
contribute to the growing research on endophytic acti-
nobacteria to promote sustainable and biofortified agri-
cultural practices. Based on our findings, to enhance 
Actinopolyspora-caraway interaction and its potential 
for improving agricultural sustainability and food qual-
ity, we suggest identifying genes, and gene expression 
changes in both caraway and JTT-01 during their interac-
tion to understand the molecular pathways and analyz-
ing protein profiles to identify key proteins involved in 
the biofortification. We also suggest conducting field tri-
als to validate the efficacy of JTT-01 as a biofertilizer for 
caraway in real-world agricultural settings, optimizing 
the JTT-01 inoculum dosages, evaluating the most effec-
tive application methods (e.g., seed coating, soil drench), 
assessing long-term soil effects, and exploring the biofor-
tification potential in other crops.
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Table 3  Anti-microbial activity of uninoculated control and 
Actinopolyspora sp. JTT-01-inoculated caraway seeds
Caraway-anti-microbial activity Uninoculated 

controls
Actinopolys-
pora sp. JTT-
01-treated 
seed extracts

Staphylococcus saprophyticus 13.13 ± 4.98 a 21.00 ± 2.17 b
Staphylococcus epidermidis 9.41 ± 1.68 a 22.51 ± 0.27 b
Enterococcus faecalis 14.02 ± 4.88 a 16.43 ± 0.28 a
Streptococcus salivarius 15.44 ± 0.85 a 15.11 ± 2.19 a
Escherichia coli 5.61 ± 0.60 a 13.47 ± 1.02 b
Salmonella typhimurium 8.67 ± 1.25 a 17.15 ± 2.86 b
Pseudomonas aeruginosa 17.49 ± 1.81 a 19.55 ± 1.80 a
Proteus vulgaris 19.29 ± 1.66 a 19.37 ± 0.95 a
Enterobacter aerogenes 15.93 ± 1.50 b 12.27 ± 1.60 a
Serratia marcescens 5.08 ± 0.63 a 6.10 ± 0.39 a
Salmonella typhimurium 10.78 ± 1.17 a 10.41 ± 1.42 a
Candida albicans 11.66 ± 0.90 a 12.10 ± 0.77 a
Candida glabrata 5.16 ± 0.74 a 7.85 ± 0.59 b
Aspergillus flavus 10.66 ± 0.50 a 15.68 ± 1.74 b
*According to Duncan’s multiple range tests, values in the table represent 
mean ± SD, with different letters representing significant differences between 
the treatments at p < 0.05
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