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Isolated endophytic bacteria
promoted growth, essential ol
content, and antioxidant activity in
Basil (Ocimum basilicum L.)

Majid Bagnazari'*“, Mohammad Reza Alymanesh?, Fardin Ghanbari® & Afsaneh Azizi

Basil (Ocimum basilicum L.), a medicinal plant and edible vegetable from the Lamiaceae family, holds
significant therapeutic and culinary value. Endophytic bacterial inoculation is an effective strategy
for enhancing the essential oil content and metabolic profile of medicinal plants. This study isolated
and molecularly identified two endophytic bacteria, and evaluated their effects on the physiological,
biochemical, and essential oil traits of basil using a completely randomized design. The bacterial
isolates were identified as Microbacterium foliorum Emfl and Paenibacillus peoriae ER11. Both isolates
significantly improved key growth traits, with M. foliorum Emfl showing the most substantial impact
across various indicators. Notable increases compared to the control included root volume (106.79%),
root surface area (60.66%), root fresh (71.81%) and dry weight (77.77%), shoot fresh (81.73%) and
dry weight (81.48%), leaf fresh (84.54%) and dry weight (83.59%), membrane stability (400.85%),
carotenoid content (200.00%), anthocyanin levels (61.90%), essential oil content (101.43%),

total phenol (20.46%), and antioxidant activity (56.6%). This research provides novel insights by
demonstrating the beneficial effects of these two endophytic bacterial isolates in enhancing basil’s
growth performance, biochemical properties and essential oil content.
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Medicinal plants serve as a rich source of antioxidants, containing a wide variety of bioactive phytochemicals such
as phenolics, flavonoids, carotenoids, anthocyanins, and vitamins. These secondary metabolites have garnered
attention for their potential health benefits, including preventing and treating various diseases'. Among these
compounds, phenolics are particularly important due to their antioxidant properties, as they scavenge reactive
oxygen species (ROS) and other free radicals®. Plants abundant in phenolic compounds are gaining growing
recognition for their applications across various industries, including food, pharmaceuticals, and cosmetics>.

Basil (Ocimum basilicum L.), a perennial medicinal herb from the Lamiaceae family, is widely used both as
a culinary and therapeutic plant. The light green, silky leaves contain oil glands that store essential oils, which
contribute to the plants medicinal properties?. Beyond use as a fresh or dried vegetable, basil is integral to
the perfumery, spice, and medical industries®. Phytochemical analysis of the plant has identified numerous
important compounds, including eugenol, chavicol, and linalool®, as well as saponins, coumarins, alkaloids,
tannins, and anthraquinones’. Essential oils and polyphenolic compounds such as rosmarinic acid, caffeic acid,
chicoric acid, and ferulic acid are also key contributors to basil’s health-promoting properties®’.

The wide range of bioactive compounds in basil supports its broad medicinal profile, which includes
anti-cancer, anti-inflammatory, anti-microbial, anti-stress, anti-diabetic, and anti-arthritis effects, along with
cardiovascular health benefits'"!!. Recent studies have explored the use of endophytic bacteria as biostimulants
to enhance the production of bioactive compounds in medicinal plants, promoting eco-friendly agricultural
practices!>!.

Endophytic bacteria, capable of colonizing and persisting within plant tissues without causing harm, offer
an effective strategy for improving plant growth and enhancing secondary metabolite production'®. Exploring
novel endophytic isolates and assessing their influence on medicinal plants can boost plant health, improve
metabolite synthesis, and reduce reliance on chemical inputs, leading to more sustainable agricultural practices.
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These bacteria promote plant growth through mechanisms such as nitrogen fixation, siderophore production,
and enhanced nutrient uptake, particularly of phosphorus. Additionally, endophytes synthesize plant-specific
hormones like auxins and cytokinins, further supporting plant growth'®.

Endophytic bacteria can also bolster plant defenses by producing antifungal compounds like antibiotics
and hydrogen cyanide, and by reducing pathogen populations through root colonization!®"”. Thus, bacterial
endophytes are critical in improving plant growth, yield, and the accumulation of valuable phytochemicals'®-2°.

Although basil has been extensively studied for antioxidant properties, the impact of endophytic bacteria
on plant growth and bioactive metabolites remains unexplored. This study aims to identify and characterize
novel endophytic bacterial isolates, evaluating their effects on basil’s growth, physiology, phenolic and flavonoid
content, essential oil content, and antioxidant activity.

Results

Bacterial identification

The two endophytic bacterial isolates, Microbacterium foliorum Emfl and Paenibacillus peoriae ER11, were
conclusively identified by 16 S rRNA gene sequencing and deposited in NCBI GenBank (Emfl: OR342201.1,
https://www.ncbi.nlm.nih.gov/nuccore/OR342201.1; ER11: OR342310.1, https://www.ncbi.nlm.nih.gov/nu
ccore/OR342310.1). Sequence identities to reference strains were 99.40% for Emfl and 99.84% for ER11, as
confirmed using the EzBioCloud 16 S rRNA database. These bacteria were isolated from O. basilicum and P
aucheri plants, both known for their medicinal properties and significance in traditional herbal medicine. The
high sequence similarity to known bacterial species suggests that these isolates are likely to possess recognized
traits related to plant growth promotion, biocontrol, and stress resistance, typical of their respective genera.

Morphophysiological traits

Endophytic bacteria, M. foliorum Emf1 and P, peoriae ER11, significantly enhanced the morphological traits of
the plant compared to the control. Emfl treatment showed the greatest improvements, followed by ER11. Plant
height increased by 26.5% in Emf1 and 13.5% in ER11 compared to the control. Shoot fresh weight (FW) and dry
weight (DW) were highest in Emf1, with a 75.3% and 81.5% increase, respectively, while ER11 showed a 45.3%
increase in FW and 25.3% in DW. Root FW and DW were also significantly improved. Emfl increased root FW
by 71.5% and root DW by 78.4%, while ER11 showed a 39.2% increase in FW and 9.1% in DW. Leaf FW and
DW were 84.0% and 85.7% higher in Emfl, and 59.6% and 67.4% higher in ER11, respectively. Additionally,
root length, root volume, and surface area increased by 31.7%, 43.6%, and 49.5% in Emfl, respectively, with
ER11 showing a 19.0%, 48.8%, and 28.0% improvement compared to the control. Leaf length, width, and surface
area also showed significant increases, with Emfl plants exhibiting 27.5%, 30.4%, and 30.9% higher values,
respectively. The control group had the lowest values in all traits (Table 1). Overall, Emf1 treatment led to the
most substantial improvements in plant growth and morphology (Fig. 1).

RWOC, EL, and MS

Both endophytic bacteria significantly enhanced the examined physiological traits. Emfl increased RWC by
36.0%, while ER11 led to a 16.1% rise compared to the control (Fig. 2A). Electrolyte leakage decreased by 5.5%
with Emfl and by 0.7% with ERI11, indicating enhanced membrane integrity (Fig. 2B). Membrane stability
increased most substantially, rising by 400.0% with Emfl and by 200.0% with ER11 (Fig. 2C). These findings
highlight Emf1 as the superior treatment for improving water retention and cellular stability in basil.

Chlorophyll, carotenoid, anthocyanin and essential oil content
Inoculation with endophytic bacteria significantly enhanced plant pigment content compared to the control.
Emfl produced the greatest improvements across all measured traits, increasing chlorophyll a by 38.52% and
chlorophyll b by 38.27%, while ER11 raised chlorophyll a by 19.25% and chlorophyll b by 14.20%, resulting in
total chlorophyll increases of 35.55% and 18.56%, respectively (Fig. 3A-C).

Carotenoid content showed the largest increase, rising by 192.48% in Emfl-treated plants and by 33.08%
with ERI11 (Fig. 3D). Similarly, anthocyanin content increased by 64.08% with Emfl and 18.45% with ER11,
highlighting the role of endophytic bacteria in promoting pigment biosynthesis (Fig. 3E).

Inoculation with M. foliorum Emf1 increased basil essential oil yield by 101.43%, and P. peoriae ER11 by
48.57%, demonstrating the significant role of these endophytic bacteria in activating plant pathways responsible
for secondary metabolite production (Fig. 3F).

Total phenol and flavonoid content

Inoculation with P. peoriae ER11 significantly increased flavonoid content, whereas no noticeable change in
total phenol levels was detected compared with the control. In contrast, M. foliorum Emfl treatment led to the
most substantial enhancements, with total phenol content increasing by 20.46% and flavonoid content rising by
7.692% relative to the control. These findings suggest that M. foliorum Emf1 has a more comprehensive influence
on secondary metabolite biosynthesis, potentially contributing to improved plant defense and stress adaptation
(Fig. 4A and B).

Biochemical traits

CAT, APX and antioxidant activity

The results of this study demonstrate that microbial inoculation can significantly influence antioxidant enzyme
activity in plants. Specifically, M. foliorum Emf1 inoculation resulted in a substantial increase in CAT and APX
activity, with respective increases of 32.62% and 43.30% compared to the control (Figs. 4B and 5A). In contrast,
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Fig. 1. The effects of endophytic bacteria (Microbacterium foliorum Emf1 and Paenibacillus peoriae ER11)
inoculation compared to the control on the growth of Ocimum basilicum L.

100 a 7
g g = 1 S
= Y S 4
] & ’ £
2 = = 35
8 g 9% -
z £ w 5
£ g 5 3
z =] H
<
4 92
2
% 1
88 x 0
Control ER11 Emfl Control ERI1 Emfl Control ERT1 Emfl

Fig. 2. The effect of endophytic bacteria (Microbacterium foliorum Emfl and Paenibacillus peoriae ER11) on
the relative water content (A), electrolyte leakage (B) and membrane stability (C) of Ocimum basilicum L. In
each panel, means sharing at least one common letter are not significantly different according to Duncan’s
multiple range test at p<0.05. Values represent the mean + standard error of three replicates.

P. peoriae ER11 significantly enhanced only CAT activity, suggesting that these bacterial isolates have distinct
modes of action in modulating plant antioxidant responses.

The results of this study indicate that inoculation with M. foliorum Emf1 significantly enhances antioxidant
activity in basil plants, with a recorded increase of 100.7% compared to the control. The highest antioxidant
activity (56.6%) occurred in plants inoculated with M. foliorum Emfl, whereas the control showed the lowest
activity (28.2%) (Fig. 5C). This substantial enhancement suggests that M. foliorum Emf1 plays a crucial role in
modulating the plant’s redox balance and reinforcing its defense mechanisms against oxidative stress.

Discussion

M. foliorum has been previously identified for its plant growth-promoting properties, such as phosphate
solubilization, auxin production, and stress mitigation, all of which could enhance plant health, particularly
under stressful environmental conditions®!. In this study, the isolation of M. foliorum Emfl from basil, a crop
valued for its bioactive compounds such as essential oils and phenolics, highlights its potential role in stimulating
secondary metabolism pathways, including the production of essential oils and antioxidant compounds. The
capacity of M. foliorum to engage in such metabolic pathways suggests that it may offer benefits not only in
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Fig. 3. The effect of endophytic bacteria (Microbacterium foliorum Emfl and Paenibacillus peoriae ER11)
on the chlorophyll a (A), chlorophyll b (B), total chlorophyll (C), carotenoid (D), anthocyanin (E) and
essential oil (F) content of Ocimum basilicum L. In each panel, means sharing at least one common letter
are not significantly different according to Duncan’s multiple range test at p <0.05. Values represent the
mean * standard error of three replicates.
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Fig. 4. The ffect of endophytic bacteria (Microbacterium foliorum Emfl and Paenibacillus peoriae ER11) on
the total phenol (A) and flavonoid (B) content of Ocimum basilicum L. In each panel, means sharing at least
one common letter are not significantly different according to Duncan’s multiple range test at p<0.05. Values
represent the mean + standard error of three replicates.

terms of promoting plant growth but also in enhancing the crop’s phytochemical composition, a valuable trait
for medicinal plant production. Similarly, P. peoriae is known for its ability to fix nitrogen, solubilize phosphorus,
and suppress pathogens, making it an effective candidate for promoting plant health, particularly in nutrient-
poor soils or stressed environments??. The identification of P peoriae ER11 from Phlomis aucheri further
supports its potential role as a biocontrol agent and growth promoter, particularly through its ability to enhance
nutrient availability and protect plants from soil-borne pathogens. The significant similarity to known isolates of
P, peoriae suggests that this bacterium may have similar biotechnological applications in agriculture, particularly
in enhancing crop yields and improving plant resilience under stress conditions. Together, the isolation and
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Fig. 5. The effect of endophytic bacteria (Microbacterium foliorum Emfl and Paenibacillus peoriae ER11) on
the catalase (A), ascorbate peroxidase (B) and antioxidant activity (C) of Ocimum basilicum L. In each panel,
means sharing at least one common letter are not significantly different according to Duncan’s multiple range
test at p<0.05. Values represent the mean + standard error of three replicates.

identification of these two bacterial isolates contribute valuable insight into the potential role of endophytes in
improving plant health, particularly for crops with medicinal or aromatic value. The results suggest that both M.
foliorum Emf1 and P. peoriae ER11 are promising candidates for further research into plant growth promotion,
biocontrol, and the enhancement of bioactive compounds, which could ultimately contribute to more sustainable
agricultural practices and the production of high-quality medicinal plants.

The significant enhancement of basil morphological traits observed in this study after treatment with the
endophytic bacteria M. foliorum Emf1 and P. peoriae ER11 highlights the potential of these bacteria to promote
plant growth and development. The results suggest that these endophytes may exert their effects through multiple
mechanisms, including enhanced nutrient uptake, production of plant growth-promoting substances, and
improved stress tolerance. One key mechanism by which these bacteria may enhance plant growth is through
the production of phytohormones, such as auxins, cytokinins, and gibberellins, which are known to stimulate
root and shoot growth?. The increased root biomass and root length recorded in Emfl-treated plants may be
attributed to the production of auxins by these endophytes, which promote root elongation and branching,
leading to improved nutrient and water uptake?!. This is consistent with previous studies where bacterial
endophytes have been shown to enhance root growth and biomass, contributing to overall plant growth?. In
addition to hormone production, bacteria can enhance plant growth by improving nutrient availability. P. peoriae
ER11 and M. foliorum Emfl may promote the solubilization of nutrients, such as phosphorus, which is often a
limiting factor for plant growth?®. Both bacteria may also facilitate nitrogen fixation, particularly in nitrogen-
limited soils, leading to an increase in available nitrogen, a key nutrient for plant growth?’. The improved root
and shoot biomass identified in this study can therefore be attributed, in part, to enhanced nutrient acquisition
facilitated by these endophytes.

Another possible mechanism is the enhancement of plant tolerance to abiotic stresses, including salinity,
drought, and nutrient deficiencies. Endophytic bacteria have been reported to improve plant stress resilience by
producing antioxidant enzymes, which protect plants from oxidative damage?®. The increased root and shoot
biomass under bacterial treatments could be partially attributed to enhanced oxidative stress tolerance, which
allows plants to maintain normal metabolic functions under challenging environmental conditions?’. Moreover,
bacterial endophytes can produce exopolysaccharides that improve soil structure and water retention, further
aiding in stress tolerance®. The recorded increases in leaf area and leaf biomass in Emf1-treated plants suggest
that these bacteria may also enhance photosynthetic efficiency, possibly through the regulation of stomatal
conductance and increased chlorophyll synthesis®. This is supported by findings that bacterial endophytes
can modulate photosynthetic enzyme activity, leading to higher rates of photosynthesis and greater biomass
production®'. Additionally, the improved leaf morphology may be linked to the ability of M. foliorum Emf1 to
produce growth-promoting substances that stimulate cell division and expansion in leaf tissues. In summary, the
mechanisms responsible for the enhanced morphological traits in basil following bacterial treatments are likely
multifactorial, involving phytohormone production, improved nutrient availability, enhanced stress tolerance,
and improved photosynthetic efficiency. These findings are consistent with recent studies highlighting the
potential of endophytic bacteria as biotechnological tools for improving plant growth and productivity in both
controlled and field conditions®2.

The documented improvements in basil’s physiological traits can be attributed to the beneficial roles of M.
foliorum Emfl1 and P. peoriae ER11 in enhancing plant function and cellular stability. These endophytic bacteria
likely contribute to improved water regulation, membrane integrity, and cellular stability through multiple
mechanisms, including phytohormone production, enzymatic activity, and metabolic enhancement®. The
increase in RWC suggests that both bacterial strains enhance water uptake and retention, with Emf1 showing
a stronger effect. This improvement may be linked to bacterial production of indole-3-acetic acid (IAA), which
stimulates root growth and enhances water absorption®. Additionally, bacterial interactions may promote
the accumulation of osmolytes such as proline and soluble sugars, which contribute to better water retention
in plant tissues*. The decrease in EL indicates that both Emf1l and ER11 strengthen cell membrane integrity,
possibly through enhanced production of antioxidant enzymes such as superoxide dismutase (SOD), CAT, and
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peroxidase (POD)*. These enzymes help maintain membrane stability by reducing oxidative damage and lipid
peroxidation, ultimately leading to lower ion leakage?’. The significant improvement in membrane stability
(MS), especially the 400.0% increase with Emf1, suggests that this strain plays a key role in reinforcing cellular
structures. This could be attributed to its ability to enhance secondary metabolite production, such as phenolic
compounds and flavonoids, which contribute to membrane stabilization®. Additionally, Emfl may influence
lipid composition and protein expression in the membrane, further enhancing its structural integrity®®. Overall,
Emfl demonstrated superior effectiveness compared to ER11, likely due to its stronger influence on water
retention, membrane protection, and metabolic regulation. These findings highlight the potential application of
Emfl as a plant-growth-promoting bacterium for improving basil’s physiological performance.

Bacterial inoculation led to a notable rise in chlorophyll content, which demonstrated the positive influence of
endophytic bacteria on photosynthetic efficiency and pigment biosynthesis. This improvement can be attributed
to several interconnected physiological and biochemical mechanisms. One primary factor is the ability of plant
growth-promoting bacteria (PGPB) to enhance nitrogen assimilation and iron uptake, both of which are critical
for chlorophyll biosynthesis*®. M. foliorum Emfl exhibited the greatest impact on chlorophyll accumulation,
likely due to its ability to increase the bioavailability of essential nutrients such as nitrogen (N), magnesium
(Mg), and iron (Fe), which are key components of the chlorophyll molecule. Additionally, these bacteria may
induce the upregulation of genes involved in the biosynthetic pathway of chlorophyll, including glutamyl-tRNA
reductase and protochlorophyllide oxidoreductase, leading to increased pigment production®!.

Carotenoids, which serve as accessory pigments in photosynthesis and play a critical role in photoprotection,
exhibited a remarkable increase in bacterial-treated plants, particularly in the Emfl treatment. Carotenoids
function as antioxidants by quenching singlet oxygen and dissipating excess energy through the xanthophyll
cycle, preventing photooxidative stress*2. The substantial increase in carotenoid content suggests that endophytic
bacteria contributed to the upregulation of carotenogenesis-related genes, such as phytoene synthase (PSY) and
(-carotene desaturase (ZDS), leading to higher carotenoid accumulation®>. Moreover, these bacteria are known
to produce phytohormones such as indole-3-acetic acid (IAA), which can enhance chloroplast development and
promote the synthesis of carotenoids by modulating the expression of light-responsive genes**. The significantly
higher carotenoid levels in Emfl-treated plants suggest that this strain had a stronger impact on stimulating the
antioxidant system, thereby improving the plant’s ability to cope with oxidative stress.

Anthocyanin accumulation was also significantly enhanced by bacterial treatments, with the highest increase
observed in Emfl-treated plants. Anthocyanins, flavonoid compounds responsible for red, blue, and purple
pigmentation, are crucial for protecting plants against oxidative stress, UV radiation, and pathogen attacks®.
The recorded enhancement of anthocyanin production in this study suggests that endophytic bacteria stimulated
the phenylpropanoid pathway, which regulates flavonoid biosynthesis. This could be due to bacterial-induced
upregulation of key enzymes such as phenylalanine ammonia-lyase (PAL) and chalcone synthase (CHS), which
are essential for anthocyanin biosynthesis*®. Additionally, the increase in anthocyanin content may be linked
to the bacteria’s ability to trigger ROS signaling, leading to the activation of transcription factors such as MYB
and bHLH, which regulate anthocyanin biosynthetic genes?’. Given that Emfl had a stronger impact than
ERI11 in increasing anthocyanin content, it is possible that this strain more effectively triggered these regulatory
pathways, enhancing stress tolerance mechanisms in the plant.

Overall, the documented enhancements in chlorophyll, carotenoid, and anthocyanin content highlight the
multifaceted role of endophytic bacteria in regulating plant physiological traits. These bacteria likely acted
through a combination of nutrient mobilization, phytohormone production, and activation of stress-responsive
pathways, ultimately leading to enhanced pigment biosynthesis and improved plant resilience. The differential
response detected between ER11 and Emfl treatments suggests that specific bacterial strains have varying
capacities to influence plant metabolism, with Emf]l demonstrating superior effectiveness in promoting pigment
accumulation.

These results are consistent with previous studies that highlight the ability of PGPB to enhance essential oil
production by improving nutrient uptake, inducing plant defense mechanisms, and modulating phytohormonal
balance?”,

One of the key mechanisms by which these endophytic bacteria enhance essential oil biosynthesis is their role
in improving nutrient availability. It has been reported that Paenibacillus and Microbacterium species contribute
to phosphorus solubilization and nitrogen fixation, both of which are crucial for plant metabolism and the
synthesis of secondary metabolites??2. Additionally, these bacteria may produce signaling molecules such as
volatile organic compounds (VOCs) that trigger the production of essential oils in medicinal plants®.

Furthermore, the differential impact of M. foliorum Emf1 and P. peoriae ER11 on essential oil content suggests
that their mode of action may vary. The more pronounced effect observed in M. foliorum Emfl-treated plants
could be attributed to its superior ability to enhance plant systemic resistance, increase antioxidant enzyme
activity, or upregulate genes involved in the biosynthesis of terpenoids, which are key components of basil
essential 0il*>!. Previous research has shown that bacterial endophytes can upregulate terpene synthase genes,
leading to higher accumulation of bioactive compounds in essential oils'.

Additionally, the significant increase in essential oil content aligns with the broader role of endophytic bacteria
in mitigating environmental stresses. Stress conditions such as drought and salinity often reduce essential oil
production; however, PGPB can help plants cope with these stresses by modulating osmolyte accumulation,
reducing oxidative stress, and maintaining cellular homeostasis*®*2. The ability of M. foliorum Emfl and P
peoriae ER11 to enhance essential oil biosynthesis under controlled conditions suggests their potential for
improving basil productivity in suboptimal environments.

Inoculation with M. foliorum Emf1 led to increased phenolic and flavonoid contents, indicating that this
isolate may trigger crucial metabolic pathways associated with plant defense and stress response. Several studies
have reported that plant growth-promoting rhizobacteria (PGPR) can induce systemic resistance and stimulate
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secondary metabolite biosynthesis by modulating phytohormone levels, increasing nutrient availability, or
triggering oxidative stress responses?*. Phenolic compounds, particularly flavonoids, are critical secondary
metabolites that contribute to plant tolerance against environmental stressors and pathogen attacks by acting
as antioxidants and signaling molecules®***. The notable increase in total phenols and flavonoids in response to
M. foliorum Emf1 treatment suggests that this isolate may act as an elicitor, enhancing the plant’s biochemical
defense mechanisms.

On the other hand, P. peoriae ER11 selectively enhanced flavonoid accumulation without affecting total
phenol content. This suggests that P. peoriae ER11 may be influencing specific branches of the phenylpropanoid
pathway rather than inducing a broad-spectrum response. Flavonoids play essential roles in plant defense,
including antimicrobial activity, UV protection, and scavenging of ROS>. The selective increase in flavonoids
suggests that P. peoriae ER11 might modulate key regulatory enzymes such as chalcone synthase (CHS) or
flavone synthase (FNS), which govern flavonoid biosynthesis*.

The differential effects of the two bacterial isolates may be attributed to variations in their modes of action,
including their ability to produce phytohormones, release VOCs, or induce specific signaling pathways within the
host plant®”. PGPRs have been shown to upregulate defense-related genes and activate plant signaling cascades
such as salicylic acid (SA)- and jasmonic acid (JA)-mediated pathways, which influence phenolic metabolism®.
Future research should explore the molecular mechanisms underlying these responses, particularly focusing on
the expression of key genes in the phenylpropanoid pathway and the role of microbial metabolites in triggering
these metabolic shifts.

The increased activity of CAT and APX in response to M. foliorum Emfl inoculation suggests that this
isolate plays a critical role in enhancing the plant’s oxidative stress defense mechanisms. CAT and APX are
key components of the enzymatic antioxidant system, responsible for scavenging ROS and maintaining redox
homeostasis®>*8. The significant increase in both enzyme activities implies that M. foliorum Emf1 enhances the
plant’s ability to detoxify hydrogen peroxide (H,O.), thereby improving stress resilience. The ability of PGPR to
induce antioxidant enzyme activity has been well-documented, with studies showing that bacterial inoculation
can mitigate oxidative damage caused by environmental stressors such as salinity, drought, and heavy metals>-.

On the other hand, P. peoriae ER11 selectively enhanced CAT activity without significantly affecting APX
levels. This suggests that P. peoriae ER11 may primarily regulate H,O, detoxification through the CAT pathway,
whereas M. foliorum Emfl may employ a broader range of antioxidant responses. The specificity of these
responses may be linked to differences in bacterial signaling molecules, such as VOCs and phytohormones,
which differentially regulate the expression of stress-responsive genes>”6!.

The differential activation of antioxidant enzymes by these bacterial isolates highlights their potential
application as bioinoculants for improving plant stress tolerance. The ability of M. foliorum Emfl to enhance
both CAT and APX activity suggests a strong protective effect against oxidative stress, which could be beneficial
in improving plant resilience under adverse environmental conditions. Meanwhile, the selective enhancement
of CAT by P. peoriae ER11 indicates that its role may be more specific, potentially complementing other stress
adaptation mechanisms.

Endophytic bacteria, particularly PGPB, have been widely reported to improve plant antioxidant capacity
through multiple mechanisms, including the upregulation of antioxidant enzyme activity, production of
secondary metabolites, and modulation of phytohormonal pathways*®®. The significant increase in antioxidant
activity following M. foliorum Emf1 inoculation suggests that this bacterium may stimulate the biosynthesis of
antioxidant compounds, including phenolics, flavonoids, and other secondary metabolites involved in oxidative
stress mitigation®2. This aligns with previous studies demonstrating that PGPRs can trigger the accumulation of
antioxidants by activating plant defense-related genes and enhancing enzymatic and non-enzymatic antioxidant
pathways?’.

The substantial improvement in antioxidant activity could be attributed to M. foliorum Emf1’s ability to
induce the production of ROS-scavenging enzymes, such as CAT and APX, as observed in this study. Enhanced
antioxidant activity helps plants mitigate oxidative damage caused by environmental stresses, including salinity,
drought, and pathogen attacks’”*%. Moreover, endophytic bacteria are known to influence the synthesis of
phenylpropanoid-derived antioxidants, which contribute to plant resilience and improved secondary metabolite
profiles®®>4,

Conclusion

This study highlighted the pivotal role of M. foliorum Emfl and P. peoriae ER11 in enhancing plant growth,
physiological performance, and biochemical responses in basil plants. Among the two, M. foliorum Emfl
emerged as the most effective, markedly improving root development, biomass accumulation, essential oil
content, and key physiological parameters. Notably, this bacterial isolate also induced significant increases in
antioxidant enzyme activities, total phenolic and flavonoid contents, and overall antioxidant capacity, indicating
its potential to bolster plant resilience against oxidative damage. Although P. peoriae ER11 also demonstrated
growth-promoting effects, particularly in root architecture and flavonoid synthesis, its influence on antioxidant
defense mechanisms was comparatively more targeted. The demonstrated ability of both endophytic bacterial
isolates to modulate critical physiological and biochemical pathways underscores their promise as effective
bioinoculants for sustainable agriculture. These findings offer valuable insights into the complex interactions
between endophytes and host plants and highlight the potential of microbial applications in enhancing the yield
and phytochemical quality of medicinal and aromatic species. Furthermore, the results suggest that Emf1 and
ER11 could be developed into bioformulations for field applications, providing a practical approach to improve
crop productivity and stress resilience. Future research should aim to elucidate the molecular and metabolic
frameworks governing these beneficial associations and validate their agronomic potential under diverse
environmental conditions.
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Moisture Phosphorus | Potassium
(%) Sand (%) | Clay (%) | Silt (%) | Soil Pattern | Acidity | EC (ds/m) | Organic Carbon | Total Nitrogen | (ppm) (ppm)
37 74 17 9 Sandy loam | 6.65 1.7 3.13 0.55 51.68 341.11

Table 2. Physicochemical properties of the soil-sand mixture used in the experimental pots.

Materials and methods

Isolation of endophytic bacteria

Two plant species, Ocimum basilicum and Phlomis aucheri, were collected from a basil cultivation field adjacent
to Ilam Airport, Ilam, Iran (33.5853° N, 46.405° E; 1342 m a.s.l.), and from the natural habitat of P. aucheri in
Derak Mountain, west of Shiraz, Fars, Iran (29.6342° N, 52.3940° E; 2278 m a.s..) for the isolation of endophytic
bacteria. The plant material of P. aucheri was identified by Dr. Mohammad Reza Parishani Foroushani, a plant
taxonomist from the Department of Biology, Faculty of Science, Shahid Chamran University of Ahvaz, Iran, and
deposited in the herbarium of the same department under the voucher number HSCU1100.

Healthy root samples were collected from each plant species, thoroughly cleaned, dried, and cut into 2-3 cm
segments. To ensure effective decontamination, the samples underwent a series of disinfection treatments using
70% ethyl alcohol for 1 min, followed by a 5% sodium hypochlorite solution for 5 min. After each treatment, the
samples were rinsed five times with dH,O to remove any residual disinfectants. Subsequently, the samples were
immersed in a 1% mercury chloride solution for 2 min and then rinsed again. The final step involved plating
the processed root samples on nutrient agar medium. Following a 14-day incubation period, a single dominant
colony from each plant sample was isolated for further analysis®2.

For bacterial cultivation, both nutrient agar and nutrient broth media were used. The bacterial isolates
were stored at —70 °C in a 25% glycerol solution for long-term preservation. To identify the isolated bacteria,
polymerase chain reaction (PCR) targeting the 16 S rRNA gene region was performed. The primers 27 F and
1492R were used for amplification®®. The PCR products were visualized using agarose gel electrophoresis, and
samples exhibiting distinct bands were selected for sequencing.

Disinfection of seeds, germination test, and experimental design

The cultured bacterium was initially transferred to nutrient broth and incubated with shaking for 24 h at
250 rpm. The bacterial cells were harvested by centrifugation (10,000 x g for 5 min at 4 °C), followed by washing
with doubled distilled water (ddH,O). The cell concentration was adjusted to 5x 1027 CFU/ml.

The seeds were disinfected by soaking in 2.5% sodium hypochlorite (NaOCI) for 5 min, followed by treatment
with 70% ethanol for 1 min. The seeds were then washed five times with ddHZO, dried, and soaked in sterile
ddH,O for the control treatment or in the bacterial suspension for the inoculation treatments for 1 h. The
treated seeds were placed on sterile Petri dishes containing two pieces of wet filter paper and monitored daily for
germination and moisture content over 14 days, with three replicates. Germination was considered successful
if the root length exceeded 2 mm. The experiment was performed in triplicate, with 20 seeds per replication.
Counting continued until no further germination was observed over three consecutive counts. Data were
analyzed using SPSS version 9.1, and Duncan’s test was applied to compare the means at a 5% significance level.

A greenhouse experiment was conducted to evaluate the impact of bacterial inoculation on the
morphophysiological and biochemical properties, as well as the essential oil content, of basil. The study followed
a completely randomized design with three replications. The sterilized seeds were soaked for 1 h in bacterial
suspension (inoculation treatments) or sterile ddH,O (control). The seeds were then planted in plastic pots
filled with a 1:1 mixture of farm soil and sand (Table 2). The plants were treated twice with 30 ml of bacterial
suspension at the aforementioned concentration when they were 14 and 30 days old. Growth was regularly
monitored, and the plants were harvested at 60 days for subsequent analysis.

Morphophysiological traits

Five pots from each treatment were randomly selected to measure the specified traits. Plant height and root
length were measured with a ruler, accurate to 1 mm. Root volume was determined by immersing the roots in
dH,0 in a 1-liter graduated cylinder. Root surface area was calculated using the method described by Atkinson
(1980)%%. Fresh weights of the shoot, root, and leaf were recorded using a precision digital scale (0.001 g). After
drying in the shade for 7 days, their dry weights were measured too. Roots were thoroughly washed with dH,0
and weighed after excess moisture had been removed using paper towels. During the flowering stage, three
leaves were collected from each plant at a height of 8-12 cm above the crown. Leaf length and width were
measured, and leaf surface area was determined using graph paper.

RWC, EL, and MS

In the morning, three basil plants were selected from each experimental treatment. One of the youngest fully
developed leaves was randomly chosen from each plant and immediately placed in an ice bath. The fresh weight
of the leaf was measured, and after 24 h of immersion in a Falcon tube containing 10 ml of dHZO at25+2 °C, the
turgor weight of the leaf was determined. Dry weight was measured following the method described by Galmes
et al. (2007)%. The relative water content (RWC) was calculated using the formula:

RWC = (Fresh weight — Dry weight) / (Turgor weight — Dry weight)

Scientific Reports |

(2025) 15:36205 | https://doi.org/10.1038/s41598-025-20218-z nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

For electrolyte leakage (EL) measurements, 5 fresh leaf discs (0.5 cm” each) were washed three times for 2-3 min
with dH,O and then floated in a Falcon tube containing 10 ml of dH,O. After vortexing for 30 s, the initial
electrical conductivity (EC,) of each sample was recorded. EL was measured in the solution after 24 h of floating
at 25+2 °C. The samples were then subjected to 90 °C in a Bain-Marie for 2 h, and the final electrical conductivity
(EC,) was recorded®. EL was calculated using the formula:

FEL = (EC1 — EC()) / (ECQ — EC()) x 100

Membrane stability (MS), which is inversely related to ion leakage, was calculated using the formula described
by Anjum et al. (2003).

MS = (1 —ECl/ECg) x 100

Chlorophyll, carotenoid, anthocyanin and essential oil content

Chlorophyll a, b, and total chlorophyll content were measured using the method described by Porra (2002)%”
while anthocyanin content was quantified following the procedure outlined by Sims and Gammon (2002)%.
Carotenoid content was assessed according to the method of Lichtenthaler and Welburn (1983)%°. A 500 mg
leaf sample was homogenized with 5 ml of 80% acetone and centrifuged at 13,000 x g for 15 min (Prismr,
Labnet, USA). The supernatant was then adjusted to a final volume of 10 ml with 80% acetone. Absorbance was
measured at 663 nm, 470 nm, 646.6 nm, 663.6 nm, 647 nm, and 537 nm using a spectrophotometer (Specord
50, Analytic Jena AG, Germany). The absorbance values were used to calculate the content of chlorophylls,
anthocyanins, and carotenoids in milligrams per gram of fresh weight using the appropriate equations.

Co = 12.25 (As63.6) — 2.55 (A6a6.6)
Cp = 20.31 (Asas.6) — 4.91 (Ass3.6)
Coy Cy, =17.76 (Asa6.6) + 7.34 (Ass3.6)
Carotenoid = [(1000 (A470) — 3.27 (Ca) — 104 (Cy)] /227

Anthocyanin (pmol.g~ 1FW) = 0.08173 (Ass7)
—0.06970 (Agar) — 0.00228 (Ages)

In the above relations, A is the absorption wavelength of the spectrophotometer.

The plants were carefully dried in a controlled environment with appropriate temperature and ventilation.
After removing any contaminants, yellow leaves, and stems, the plant Material was ground to enhance the quality
of the essential oil. A 50-gram sample was then prepared for essential oil extraction, which was carried out via
a three-hour distillation process using a Clevenger apparatus in a 1-liter flask filled with water. The essential oil
percentage (in microliters per gram of dry weight) was calculated using a graduated Clevenger tube, according
to the Equation”:

Essential oil (%)
= (Weight of essential oil /| Dry weight of plant) x 100

Total phenol and flavonoids content

The total phenol content was determined using the Folin-Ciocalteu method with slight modifications. To
prepare the sample, 200 mg of ground fresh leaves was mixed with 10 ml of 95% ethanol and stored in the
dark at 25+ 2 °C for 24 h. Afterward, 1 ml of the liquid above the sediment was diluted with 1 ml of methanol
in a separate microtube. From this solution, 200 pl was added to 1000 pl of 50% Folin reagent and incubated
in the dark for 5 min. The mixture was then combined with 800 pl of 7.5% NaHCO, and incubated for 2 h.
The absorbance of each sample was measured at 765 nm. A standard curve was constructed using different
concentrations (12.5 to 800 pg/ml) of gallic acid. Total phenol content was calculated in mg/g fresh weight (FW)
using the gallic acid curve”!.

To measure flavonoid content, 0.05 g of fresh leaf tissue was powdered using liquid nitrogen and homogenized
in 3 ml of 80% methanol. The mixture was heated in a water bath at 70 °C for 3 h. After centrifugation, the
supernatant was adjusted to 3 ml using 80% methanol. From this solution, 1 ml was transferred to a 5 ml
microtube, followed by the addition of 250 ul of 1 M CH,CO,K and 250 ul of 10% AICI, solution. Absorbance

was measured at 415 nm, and flavonoid content was calculated in mg/g FW using the quercetin standard curve”>.

Biochemical traits

Preparation of enzyme extract

To create a uniform mixture, 1 gram of frozen leaf sample was ground with 100 mM KH,PO, buffer (pH 7.4)
in a 10:1 extraction ratio (1 g of leaf with 10 ml of buffer) using a Chinese mortar. The resulting mixture was
transferred to 15 ml falcon tubes and centrifuged at 10,000 x g for 20 min at 4 °C. The clear supernatant was
collected, transferred into marked tubes, and stored at —80 °C.
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CAT, APX and antioxidant activity

Catalase (CAT) activity was measured following the method outlined by Aebi (1984)”® with minor modifications.
A 100 pl enzyme extract was mixed with 400 pl of 50 mM Na,PO, buffer (pH 7.0) and 300 ul of 20 mM H,0,.
The decrease in absorbance at 240 nm was recorded for 2 min. The spectrophotometer was zeroed with 3 ml

of dH,0. Enzyme activity was calculated in pmol of H,O, per minute per gram of fresh weight (FW) using an

extinction coefficient of 39.4 mM'cm™.

To prepare the reaction complex (2 ml), 0.5 ml of 100 mM sodium phosphate buffer (pH 7.0), 0.5 ml of I mM
ascorbate, 0.5 ml of 0.1 mM EDTA, 0.02 ml of 10 mM H,0,, 0.38 ml of ddH,0, and 0.1 ml of enzyme extract
were combined. The absorbance was measured at 290 nm before and 1 min after the reaction commenced. The
ascorbate peroxidase (APX) enzyme’s inactivation coefficient was determined to be 2.8 mM~!cm™!. Finally, one
unit of activity was defined as the amount of enzyme, that oxidizes 1 pmol ascorbate per min in 1 g of fresh
weight”*,

To measure antioxidant activity, 150 pL of the sample extract was mixed with 2 mL of a 0.02 g DPPH solution.
The absorbance of the mixture was immediately recorded at 517 nm (At0). The samples were then incubated for
30 min at room temperature in the dark, after which the absorbance was measured again at 517 nm (At30). The
antioxidant activity was calculated using the following formula”>:

Antiozidant activity (%) = [At0 — At30/At0] x 100
At0: absorption of solution at zero time and At30: absorption of solution at 30 min.

Data availability

The 16 S rRNA gene sequences of *Microbacterium foliorum* Emfl and *Paenibacillus peoriae* ER11 are avail-
able in NCBI GenBank under accession numbers OR342201.1 ([https://www.ncbi.nlm.nih.gov/nuccore/OR34
2201.1](https:/www.ncbi.nlm.nih.gov/nuccore/OR342201.1)) and OR342310.1 ([https://www.ncbi.nlm.nih.gov
/nuccore/OR342310.1] (https:/www.ncbi.nlm.nih.gov/nuccore/OR342310.1)). Other data from this study are
available upon reasonable request.
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