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Abstract
The phyllosphere microbiome of plants represents a critical, yet underexplored, component of sustainable crop production systems. This 

review synthesizes current knowledge on the diverse functional roles of leaf-associated microbial communities in enhancing plant productivity 
and resilience. We examine how phyllosphere microbes contribute to: (1) disease suppression through competitive exclusion, antimicrobial 
production, and induced systemic resistance; (2) abiotic stress tolerance via biofilm-mediated water retention, ACC deaminase activity, and UV-
protective pigmentation; and (3) growth promotion by phytohormone synthesis and nutrient solubilization. Emerging applications in microbiome-
assisted breeding and precision microbiome management are discussed as innovative approaches to develop climate-resilient varieties. We 
highlight successful field implementations of microbial consortia that reduce chemical inputs while maintaining yields, including biofertilizer blends 
and biocontrol formulations effective against major pathogens like Cercosporasesami and Alternaria sesami. Key challenges in mechanistic 
understanding, microbial product standardization, and farmer adoption are addressed, along with future directions integrating multi-omics 
technologies and policy frameworks. The review underscores the phyllosphere microbiome’s potential to transform plant cultivation into a more 
productive, sustainable, and climate-smart agricultural system through ecological intensification strategies that harness beneficial plant-microbe 
interactions. This knowledge provides a foundation for advancing microbiome-based solutions in oilseed crop production globally. The phyllosphere 
microbiome of plants represents a critical, yet underexplored, component of sustainable crop production systems. This review synthesizes 
current knowledge on the diverse functional roles of leaf-associated microbial communities in enhancing plant productivity and resilience. We 
examine how phyllosphere microbes contribute to: (1) disease suppression through competitive exclusion, antimicrobial production, and induced 
systemic resistance; (2) abiotic stress tolerance via biofilm-mediated water retention, ACC deaminase activity, and UV-protective pigmentation; 
and (3) growth promotion by phytohormone synthesis and nutrient solubilization. Emerging applications in microbiome-assisted breeding and 
precision microbiome management are discussed as innovative approaches to develop climate-resilient varieties. We highlight successful field 
implementations of microbial consortia that reduce chemical inputs while maintaining yields, including biofertilizer blends and biocontrol formulations 
effective against major pathogens like Cercosporasesami and Alternaria sesami. Key challenges in mechanistic understanding, microbial product 
standardization, and farmer adoption are addressed, along with future directions integrating multi-omics technologies and policy frameworks. The 
review underscores the phyllosphere microbiome’s potential to transform plant cultivation into a more productive, sustainable, and climate-smart 
agricultural system through ecological intensification strategies that harness beneficial plant-microbe interactions. This knowledge provides a 
foundation for advancing microbiome-based solutions in oilseed crop production globally.. 
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Introduction
Sesame (Sesamum indicum L.), a diploid annual plant (Figure 

1) belonging to the Pedaliaceae family, stands as one of the oldest 
and most economically significant oilseed crops, with a cultivation 
history spanning over 5,000 years. Primarily grown for its oil-rich 
seeds-containing  45–60% high-quality oil  and  18–25% protein-
sesame is a cornerstone of agriculture in tropical and subtropical 
regions, particularly in arid and semi-arid zones where its exceptional 
drought tolerance  makes it indispensable for sustainable farming 
systems. Major global producers include  India, Sudan, Myanmar, 
Tanzania, and Nigeria, where sesame serves as a critical crop for both 
local consumption and international trade [1].

Beyond its direct agronomic and nutritional value, sesame is prized 
for its  nutraceutical and industrial applications. The oil, renowned 
for its  oxidative stability, is rich in bioactive lignans like  sesamin 
and sesamolin, which contribute to its widespread use in culinary, 
pharmaceutical, and cosmetic industries. Microbial ecosystems 
offer  eco-friendly alternatives to conventional agrochemicals  by 
enhancing nutrient uptake, suppressing pathogens, and mitigating 
abiotic stresses such as drought, salinity, and heavy metal toxicity. As 
global agriculture shifts toward sustainable practices, understanding 
and harnessing plant microbiome presents a transformative 
opportunity to improve yields, reduce chemical dependency, and 
enhance climate resilience-securing sesame’s place as a vital crop for 
future food and economic systems [2,3].

Despite its adaptability, sesame production faces 
significant challenges due to  biotic stresses  (such as fungal 
pathogens  Macrophominaphaseolina  causing charcoal 
rot,  Fusarium  spp. inducing wilt, and  Cercospora  spp. leading to 
leaf spot) and  abiotic stresses  (including drought, salinity, and 
heavy metal toxicity) [4,5]. Conventional agricultural practices 
often rely on chemical fertilizers and synthetic pesticides to mitigate 
these challenges, but their excessive use has led to environmental 
degradation, soil health deterioration, and economic burdens for 
farmers. Consequently, there is a growing shift toward microbiome-
based sustainable agriculture, which leverages the natural microbial 
communities to enhance growth, improve stress tolerance, and boost 
yield without relying on harmful agrochemicals [6].

Emerging research highlights those plants, hosts a  diverse and 

dynamic microbiome  that plays a crucial role in its survival and 
productivity. These microbial communities contribute to Nutrient 
cycling  (e.g., nitrogen fixation, phosphate solubilization), Disease 
suppression (through competition, antibiosis, and induced systemic 
resistance) and Stress mitigation  (drought tolerance, salinity 
adaptation, and heavy metal detoxification). Understanding these 
plant-microbe interactions is essential for developing  microbiome-
enhanced cultivation strategies  that align with global sustainability 
goals, such as reducing chemical inputs, improving soil health, and 
increasing crop resilience in the face of climate change [7].

This review provides a comprehensive exploration of

1.	 Microbial diversity in the phyllosphere and rhizosphere – 
Taxonomic composition, core microbiome, and factors 
influencing microbial colonization.

2.	 Functional roles of plant-associated microbes – Mechanisms 
of plant growth promotion, pathogen inhibition, and stress 
alleviation.

3.	 Nutrient acquisition and stress tolerance – How microbes 
enhance phosphorus uptake, nitrogen fixation, and osmotic 
regulation under drought and salinity.

4.	 Agricultural applications  – Development of microbial 
inoculants (biofertilizers, biostimulants, and biocontrol 
agents) for sesame farming.

5.	 Research gaps and future directions  – Integrating omics 
technologies, synthetic microbial communities (SynComs), 
and precision microbiome engineering for optimized sesame 
production.

By synthesizing current knowledge on plant microbiome 
dynamics, this review aims to bridge the gap between fundamental 
research and practical agricultural applications, paving the way 
for next-generation, microbiome-driven sesame farming systems.

Geographical distribution, Nutrition profile, phytochemistry 
and biological functions of Sesame

S. indicumL., stands as one of humanity’s most ancient and 
nutritionally significant oilseed crops, with archaeological evidence 
tracing its domestication back to 3500-3050 BCE in the Harappan 
civilization. This remarkably resilient plant, belonging to a genus 
of approximately 20 species with S. Indicum being the most widely 
cultivated, thrives across tropical and subtropical regions in over 60 
countries worldwide, with major production centers in India, Sudan, 
Myanmar, Tanzania, and China [8]. The small but mighty sesame 
seed packs an extraordinary nutritional punch, containing 45-60% 
of exceptionally high-quality oil predominantly composed of heart-
healthy polyunsaturated fatty acids (35-50% linoleic acid and 35-50% 
oleic acid), along with 18-25% complete protein that includes all 
essential amino acids with particularly high levels of methionine - an 
amino acid often limited in plant proteins [9]. Beyond its impressive 
macronutrient profile, sesame seeds serve as an exceptional source of 
dietary minerals, boasting remarkable concentrations of calcium (975 
mg/100g), magnesium (351 mg/100g), iron (14.6 mg/100g), and zinc 
(7.8 mg/100g), complemented by substantial amounts of B-complex 

Figure 1: Sesamum indicum contains flowers and unripened pods.  Inset 
shows ripened pods containing sesame seeds. Figure is retrieved from 
Baidu.cn. Copyright @ blog.sina.com.cn/u/2735937840)
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vitamins and vitamin E in the form of tocopherols, as well as 5-10% 
dietary fiber that supports digestive health [10].

What truly distinguishes sesame from other oilseeds is its 
remarkable array of bioactive phytochemicals that confer numerous 
health benefits. The seeds contain unique lignans including sesamin 
(0.1-1.1%) and sesamolin (0.1-0.7%), which during processing can 
convert to sesamol - compounds that have attracted significant 
scientific interest for their potent antioxidant and anti-inflammatory 
properties [11]. The phytochemical profile extends to include 
valuable phytosterols (β-sitosterol at 300-500 mg/100g, along with 
campesterol and stigmasterol), diverse polyphenols such as ferulic 
and caffeic acids, aromatic pyrazines like tetramethylpyrazine that 
contribute to its distinctive nutty flavor, and lesser-known but equally 
important iridoid compounds including sesamoside and verbascoside 
[12]. Additionally, sesame contains unique proteins such as globulin 
and albumin, which contribute to its functional properties in food 
systems and may have additional health benefits. These bioactive 
components work synergistically through multiple mechanisms to 
provide an impressive spectrum of biological activities that modern 
science continues to elucidate [13].

The comprehensive health-promoting properties of sesame are 
as diverse as its phytochemical composition. Its potent antioxidant 
capacity, primarily attributed to the lignans and tocopherols, operates 
through multiple pathways - directly scavenging harmful reactive 
oxygen and nitrogen species (ROS/RNS) while simultaneously 
enhancing the body’s endogenous antioxidant defence systems 
by boosting enzymes like superoxide dismutase (SOD), catalase 
(CAT), and glutathione peroxidase (GPx), while also protecting 
cellular membranes and DNA from oxidative damage [14,15]. The 
cardiovascular benefits of sesame emerge through an impressive 
array of mechanisms including notable hypolipidemic effects that 
reduce LDL cholesterol and triglycerides, inhibition of cholesterol 
absorption in the intestine, improvement of endothelial function, 
and antihypertensive activity through ACE inhibition[16]. The 
anti-inflammatory potential of sesame compounds manifests 
through their ability to modulate critical inflammatory pathways, 
particularly by inhibiting NF-κBsignalling, reducing production 
of pro-inflammatory cytokines (TNF-α, IL-6), and decreasing 
expression of inflammatory enzymes (COX-2 and iNOS) [17]. 
Emerging research continues to uncover new therapeutic dimensions 
of sesame, from hepatoprotective effects that safeguard liver function 
through enhancement of hepatic detoxification enzymes, reduction 
of lipid accumulation in hepatocytes, and protection against 
alcohol- and toxin-induced damage, to neuroprotective properties 
that may combat cognitive decline through acetylcholinesterase 
inhibition, protection against β-amyloid toxicity, and reduction of 
neuroinflammation [18,19]. Current investigations are revealing 
promising antidiabetic effects through α-glucosidase and α-amylase 
enzyme inhibition, enhanced insulin sensitivity, and pancreatic β-cell 
protection, along with anticancer potential demonstrated through 
antiproliferative effects on cancer cells, induction of apoptosis, and 
inhibition of angiogenesis [20, 21].

This extraordinary combination of nutritional value and 
medicinal properties (Figure 2) has cemented sesame’s status across 

multiple traditional medicine systems. In Ayurveda, sesame oil is 
extensively used for massage therapy (abhyanga) and as a carrier 
for herbal preparations [22], while Traditional Chinese Medicine 
employs black sesame for liver and kidney toxification [23], and 
Middle Eastern medicine utilizes sesame for digestive disorders 
[24]. In modern applications, sesame has found important roles 
as functional food ingredients, nutraceutical supplements, and in 
cosmetic and pharmaceutical formulations [25].

Agriculture perspective and Challenges in Sesame 
Production: Biotic and Abiotic Stresses

From an agricultural perspective, sesame is a drought-tolerant 
crop, making it crucial for arid and semi-arid farming systems where 
water scarcity limits the cultivation of other crops. Its ability to 
thrive under low moisture conditions positions it as a key species for 
sustainable agriculture in challenging environments [26]. However, 
its productivity is often constrained by biotic stresses, such as 
fungal pathogens like  Macrophominaphaseolina  causing charcoal 
rot, Fusarium wilt, and Cercospora leaf spot, as well as abiotic stresses 
like drought, salinity, and heavy metal toxicity [27]. These stressors 
reduce yield and quality, necessitating interventions to enhance 
resilience and ensure stable production. Conventional farming 
relies heavily on chemical fertilizers and pesticides, which pose 
environmental and economic challenges, including soil degradation, 
water pollution, and high input costs. This unsustainable reliance 
has spurred interest in microbiome-based sustainable agriculture as 
a viable alternative. Leveraging the natural microbial communities 
associated with plants to enhance growth, stress resilience, and yield 
offers a promising solution to reduce agrochemical dependency. 
These beneficial microbes can improve nutrient uptake, protect 
against pathogens, and help the plant withstand harsh environmental 
conditions [28].

Emerging research reveals that plantsharbors complex microbial 
ecosystems in its phyllosphere (aerial plant parts) and rhizosphere 
(root zone), which significantly influence its health and productivity. 
These microbial communities form symbiotic relationships with 
the plant, contributing to essential physiological and biochemical 
processes. These microbial communities contribute to nutrient 

Figure 2: Biological functions of Sesamum indicum
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cycling, disease suppression, and stress mitigation, offering eco-
friendly alternatives to agrochemicals while promoting long-term 
soil health [29]. By harnessing these interactions, farmers can 
reduce their reliance on synthetic inputs and adopt more sustainable 
practices. Understanding these interactions is critical for developing 
microbiome-enhanced sesame cultivation strategies that align with 
global sustainable agriculture goals. Such advancements could 
revolutionize sesame farming, making it more resilient, productive, 
and environmentally friendly in the face of climate change and 
resource limitations [30].

Biotic Stresses: Pathogens and Pests in Sesame Cultivation: 
Sesame faces significant threats from a diverse array of fungal, 
bacterial, and viral pathogens, as well as insect pests, which 
collectively contribute to substantial yield losses and economic 
burdens for farmers worldwide. These biotic stressors not only reduce 
crop productivity but also compromise seed quality, oil content, and 
overall plant vigor. The most devastating diseases include charcoal 
rot [31,32], Fusarium wilt [33], Cercospora leaf spot[34]and bacterial 
blight[35] each with distinct pathogenic mechanisms and ecological 
impacts. Additionally, insect pests such as the sesame webworm 
(Antigastracatalaunalis), aphids (Aphis gossypii), and whiteflies 
(Bemisiatabaci) cause direct damage through feeding activities while 
serving as vectors for viral transmission [36,37].The complexity of 
these biotic interactions is further exacerbated by environmental 
factors, crop management practices, and the genetic susceptibility of 
sesame varieties. Conventional control methods predominantly rely 
on chemical fungicides and pesticides, which, while effective in the 
short term, pose long-term challenges including pathogen resistance, 
environmental contamination, and disruption of beneficial soil 
microbiota [31-37].

Charcoal Rot (Macrophominaphaseolina) of Sesame: Charcoal 
rot, caused by the soil-borne fungus Macrophominaphaseolina, is 
one of the most destructive diseases affecting sesame, particularly 
in arid and semi-arid regions where high temperatures and drought 
conditions favour its proliferation. The pathogen survives in soil and 
crop debris as microsclerotia, which germinate under favourable 
conditions to infect roots and lower stems (Figure 3). Initial 
symptoms include yellowing and wilting of leaves, followed by the 

development of grayish-black lesions on stems and roots, resembling 
charcoal dust-hence the disease’s name. As the infection progresses, 
the fungus colonizes vascular tissues, obstructing water and nutrient 
transport and leading to premature plant death. Yield losses can reach 
up to 50%, with severe infections resulting in complete crop failure 
[31,32]. The pathogen’s virulence is attributed to its production of cell 
wall-degrading enzymes (e.g., pectinases and cellulases) and toxins 
that disrupt plant cell integrity. Additionally, M. phaseolina induces 
oxidative stress in host plants by generating reactive oxygen species 
(ROS), which overwhelm the plant’s antioxidant defense systems. 
Management strategies include crop rotation with non-host plants, 
soil solarization to reduce microsclerotia load, and the application 
of biocontrol agents such as Trichoderma spp. and Pseudomonas 
fluorescens, which antagonize the pathogen through competition and 
antibiosis. Breeding for resistant varieties and maintaining optimal 
soil moisture levels are also critical for mitigating charcoal rot’s 
impact [38,39].

Fusarium Wilt (Fusarium oxysporumf. sp. sesami) of Sesame: 
Fusarium wilt, caused by Fusarium oxysporum f.sp. sesami, is a 
vascular disease that poses a significant threat to sesame production, 
particularly in regions with warm, moist soils. The pathogen enters 
the plant through root tips or wounds, colonizing the xylem vessels 
and producing hyphae and spores that obstruct water flow. Early 
symptoms include chlorosis of lower leaves, followed by progressive 
wilting, stunting, and eventual plant death. The fungus secretes 
mycotoxins, such as fusaric acid, which disrupt membrane integrity 
and inhibit key enzymatic processes in the host [33].Moreover, F. 
Oxysporum induces the formation of tyloses and gels in xylem vessels, 
exacerbating water stress. The pathogen’s ability to persist in soil 
for years as chlamydospores complicates control efforts. Chemical 
treatments are often ineffective due to the pathogen’s protected 
vascular niche, necessitating integrated approaches such as soil 
fumigation, biocontrol with Bacillus subtilis, and the use of resistant 
cultivars [40,41].Recent advances in molecular breeding have 
identified quantitative trait loci (QTLs) associated with Fusarium wilt 
resistance, offering hope for developing durable genetic solutions. 
Additionally, priming plants with salicylic acid or jasmonic acid 
can enhance systemic acquired resistance (SAR), reducing disease 
severity [33, 40,41].

Cercospora Leaf Spot (Cercosporasesami) of Sesame

Cercospora leaf spot, caused by the fungus Cercosporasesami, 
is a foliar disease that severely impacts sesame photosynthesis and 
biomass accumulation. The pathogen spreads via wind-dispersed 
conidia, which germinate on leaf surfacesunder high humidity and 
moderate temperatures. Initial symptoms appear as small, circular, 
brownish spots with yellow halos, which coalesce into larger necrotic 
lesions, leading to defoliation and reduced photosynthetic capacity. 
The fungus produces cercosporin, a photosensitizing toxin that 
generates singlet oxygen under light, causing lipid peroxidation 
and cell membrane damage in host tissues [34].Severe infections 
can reduce yields by up to 30%, with quality losses due to impaired 
seed filling. Cultural practices such as wider plant spacing, removal 
of infected debris, and avoidance of overhead irrigation can reduce 
disease incidence. Fungicidal sprays containing copper-based 
compounds or strobilurins are commonly used, but resistance 

Figure 3: Charcol rot of Sesame. Figure is retrieved from Krishihewa.com 
Copyright @Krishisewa.com 
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development necessitates alternation with biocontrol agents like 
Streptomyces griseoviridis. Breeding programs are increasingly 
focusing on identifying and introgressing Cercospora-resistant traits 
from wild Sesamum species into elite cultivars [34,42].

Bacterial Blight (Xanthomonas campestrispv. sesami) of 
Sesame: Bacterial blight, caused by Xanthomonas campestrispv. 
sesami, is a devastating disease characterized by water-soaked lesions 
on leaves, stems, and pods, which later turn necrotic and lead to 
tissue collapse [35]. The pathogen enters through stomata or wounds, 
secreting effector proteins via type III secretion systems to suppress 
plant immunity. It also produces extracellular polysaccharides (EPS) 
that clog vascular tissues, exacerbating water stress. Warm, humid 
conditions favor disease spread, with rain splash and contaminated 
tools serving as primary dissemination vectors. Yield losses can 
exceed 40% in severe outbreaks. Management includes the use of 
pathogen-free seeds, copper-based bactericides, and biocontrol with 
Pantoeaagglomerans, which competes for ecological niches. Resistant 
varieties are limited, underscoring the need for genomic approaches 
to identify resistance genes. Phage therapy and induced systemic 
resistance (ISR) via plant growth-promoting rhizobacteria (PGPR) 
are emerging as innovative control strategies [35,43].

Insect Pests: Sesame Webworm, Aphids, and Whiteflies

Insect pests such as the sesame webworm (A. catalaunalis), aphids 
(Aphis gossypii), and whiteflies (Bemisiatabaci) cause direct damage 
through feeding and indirect harm via virus transmission. The sesame 
webworm larvae bore into buds and capsules, leading to flower 
abortion and seed loss. Aphids and whiteflies excrete honeydew, 
promoting sooty mold growth and reducing photosynthesis. Both 
pests transmit devastating viruses like sesame phyllody phytoplasma. 
Conventional insecticides are increasingly ineffective due to 
resistance, prompting the adoption of IPM strategies. These include 
pheromone traps for webworms, neem-based biopesticides, and 
conservation of natural enemies like lady beetles and parasitoid wasps 
[36,37].(Table 1) summarizes major biotic stresses affecting sesame, 
including pathogens (fungal, bacterial) and insect pests, detailing their 

causal organisms, characteristic symptoms, mechanisms of infection/
damage, and recommended sustainable management approaches. 
ROS (Reactive Oxygen Species), EPS (Extracellular Polysaccharides), 
SAR (Systemic Acquired Resistance), ISR (Induced Systemic 
Resistance), PGPR (Plant Growth-Promoting Rhizobacteria), QTL 
(Quantitative Trait Locus). Management strategies emphasize 
integrated approaches combining biocontrol, resistant varieties, and 
cultural practices over chemical dependence.

Abiotic Stresses: Drought, Salinity, and Heavy Metals in 
Sesame Cultivation

Sesame frequently encounters challenging environmental 
conditions that significantly impact its growth and productivity. 
Among the most critical abiotic stresses are drought, salinity, 
and heavy metal toxicity, each posing unique physiological and 
biochemical challenges to the plant. These stresses are particularly 
prevalent in arid, semi-arid, and industrially affected regions where 
sesame is commonly cultivated. While traditional breeding and 
genetic engineering have made strides in developing stress-tolerant 
varieties, these methods often involve lengthy processes and regulatory 
complexities. In contrast, leveraging the plant’s microbiome presents 
a sustainable and efficient alternative to enhance stress resilience. 
Below, we explore each abiotic stressor in detail, examining their 
mechanisms of action and potential mitigation strategies [44,45].

Drought Stress in Sesame Cultivation: Drought stress is a 
major constraint in sesame cultivation, particularly in regions 
with erratic rainfall and high temperatures. Under water-deficient 
conditions, sesame plants experience reduced turgor pressure, 
leading to stomatal closure and diminished CO2  uptake, which 
directly impairs photosynthesis. Prolonged drought also disrupts 
nutrient transport, resulting in poor seed filling and yield losses of 
up to 60%. At the cellular level, drought induces oxidative stress 
through the accumulation of reactive oxygen species (ROS), which 
damage lipids, proteins, and DNA [44,45]. To cope, sesame activates 
drought-responsive genes and synthesizes osmoprotectants like 
proline and glycine betaine, which help maintain cellular hydration. 

Table 1: Major Biotic Stresses in Sesame Cultivation

Stress Type Primary Symptoms Mechanism of Action Management Strategies

Charcoal Rot
by Macrophomina phaseolina 

(Fungus)

Yellowing & wilting
Gray-black stem lesions
Premature plant death

Produces microsclerotia
Secretes cell wall-degrading 

enzymes
Induces oxidative stress via ROS

Crop rotation (non-hosts)
Soil solarization

Biocontrol (Trichoderma, Pseudomonas)
Resistant varieties

Fusarium Wilt by
Fusarium oxysporum f. sp. sesami

Chlorosis of lower leaves 
Vascular browning 
Wilting & stunting

Blocks xylem vessels 
Produces fusaric acid (toxin) 

Forms chlamydospores for survival

Soil fumigation 
Biocontrol (Bacillus subtilis)

Resistant cultivars (QTL-based breeding) 
SAR inducers (salicylic acid)

Cercospora 
Leaf Spot by

Cercospora sesami (Fungus)

Circular brown spots with 
yellow halos 

Necrotic lesions 
Defoliation

Produces cercosporin 
(photosensitizing toxin) 

Causes lipid peroxidation

Wider plant spacing 
Copper/strobilurin fungicides 

Biocontrol (Streptomyces)
Resistant wild Sesamum introgression

Bacterial Blight by
Xanthomonas campestris pv. sesami

Water-soaked lesions 
Necrotic leaf/stem spots 

Pod rot

Type III secretion system 
(effectors) 

Clogs vasculature with EPS

Pathogen-free seeds 
Copper bactericides 

Biocontrol (Pantoea agglomerans)
Phage therapy 
ISR via PGPR

Sesame Webworm
by Antigastra catalaunalis (Insect)

Bud/capsule boring 
Flower abortion 

Seed loss

Larval feeding on reproductive 
structures

Pheromone traps 
Neem-based biopesticides 

Conservation of natural enemies (parasitoid wasps)
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Microbiome-assisted approaches, such as inoculation with drought-
tolerant rhizobacteria (e.g., Azospirillum and Bacillus spp.), enhance 
water-use efficiency by improving root architecture and producing 
exopolysaccharides that retain soil moisture [46]. Additionally, 
agronomic practices like mulching and drip irrigation can mitigate 
drought effects, but integrating microbial solutions offers a more 
sustainable and cost-effective strategy [44-47].

Salinity Stress in Sesame Cultivation: Salinity stress affects 
sesame growth by disrupting ion homeostasis and inducing osmotic 
and ionic toxicity. High concentrations of sodium (Na+) and 
chloride (Cl−) in the soil interfere with potassium (K+) and calcium 
(Ca2+) uptake, essential for enzyme activation and cell signalling. 
The resulting ionic imbalance impairs metabolic processes, leading 
to stunted growth, leaf chlorosis, and reduced oil content in seeds. 
Salinity also exacerbates oxidative stress by generating ROS, 
which damage cellular membranes and macromolecules. Sesame 
plants employ several adaptive mechanisms, including selective 
ion exclusion, compartmentalization of toxic ions in vacuoles, 
and synthesis of compatible solutes like proline and trehalose. 
Microbial interventions, such as the use of halotolerant PGPR 
(e.g.,  Halomonas  and  Arthrobacter  spp.), can alleviate salinity 
stress by producing ACC deaminase to reduce ethylene levels, 
enhancing antioxidant defenses, and facilitating nutrient uptake. Soil 
amendments like gypsum and organic compost also help reclaim 
saline soils, but microbiome-based solutions are increasingly favored 
for their ecological benefits [48,49].

Heavy Metal Toxicity: Heavy metal contamination, particularly 
from cadmium (Cd), lead (Pb), and arsenic (As), poses a severe 
threat to sesame cultivation in industrially polluted or wastewater-
irrigated soils. These metals accumulate in plant tissues, disrupting 
physiological processes such as photosynthesis, respiration, and 
nutrient assimilation. Cd, for instance, replaces Zn in critical 
enzymes, rendering them nonfunctional, while lead disrupts cell 
division and root elongation. Heavy metals also induce oxidative 
stress by catalyzing ROS production, leading to lipid peroxidation and 
protein denaturation. Sesame plants employ detoxification strategies 
like phytochelatin synthesis, metal sequestration in vacuoles, and 
upregulation of antioxidant enzymes (e.g., superoxide dismutase and 

catalase). Microbial bioremediation, using metal-tolerant bacteria 
(e.g.,  Pseudomonas  and  Burkholderia  spp.) and mycorrhizal fungi, 
offers a promising solution by immobilizing metals in the rhizosphere 
or facilitating their uptake and sequestration in non-edible plant parts. 
Phytoremediation, coupled with microbial augmentation, can restore 
contaminated soils while maintaining crop productivity, though 
long-term monitoring is essential to ensure food safety [50,51]. 
(Table 2) represents  summary of major abiotic stresses in sesame 
cultivation, including their physiological effects, plant adaptation 
mechanisms, and sustainable mitigation strategies. It highlights the 
role of microbiome-assisted approaches in enhancing stress resilience 
compared to conventional methods. 

The Role of plant Microbiomes in Sustainable Cultivation

Plants are not solitary organisms; they function as holobionts—
complex ecosystems consisting of the host plant and its associated 
microbial communities. These microbes form dynamic and evolving 
relationships with the plant, significantly influencing sesame growth, 
health, and resilience to environmental stresses. By facilitating 
nutrient uptake, suppressing diseases, and enhancing drought 
tolerance, these microbial partners are indispensable for sustainable 
sesame farming [52]. The plant microbiome is shaped by factors such 
as soil type, climate, and plant genetics, making it a cornerstone of 
crop productivity. Understanding these microbial networks can lead 
to innovative cultivation practices that minimize reliance on synthetic 
fertilizers and pesticides. These communities primarily reside in the 
phyllosphere (aerial plant parts) and rhizosphere (root zone), each 
harboring distinct but interconnected microbial ecosystems [53].

Phyllosphere Microbiome

The phyllosphere encompasses the aerial parts of the plant, 
including leaves, stems, and flowers, which host diverse microbial 
populations. This environment is harsh due to exposure to UV 
radiation, temperature fluctuations, and limited nutrient availability. 
Despite these challenges, beneficial bacteria, fungi, and yeasts 
successfully colonize the phyllosphere, engaging in mutualistic 
interactions such as nitrogen fixation, phytohormone production, 
and pathogen defense. Some microbes also enhance the plant’s 
tolerance to abiotic stresses like heat and drought.

Table 2: Abiotic Stresses in Sesame Cultivation – Mechanisms, Impacts, and Mitigation Strategies

Abiotic Stress Mechanisms of Action Physiological/Biochemical 
Impacts

Adaptive Responses in 
Sesame Mitigation Strategies

Drought Stress
Reduced turgor pressure

Stomatal closure 
ROS accumulation

Impaired photosynthesis
Poor nutrient transport 
Yield losses (up to 60%)

Activation of drought-
responsive genes 

Synthesis of 
osmoprotectants 

(proline, glycine betaine)

Drought-tolerant rhizobacteria 
(e.g., Azospirillum, Bacillus)
Mulching & drip irrigation 
Improved root architecture

Salinity Stress
Ionic toxicity (Na⁺, Cl⁻) 
Osmotic stress 
ROS generation

Disrupted ion homeostasis
Leaf chlorosis 

Reduced seed oil content

Ion exclusion & 
compartmentalization 
Synthesis of compatible 
solutes (proline, 
trehalose)

Halotolerant PGPR (e.g., Halomonas, Arthrobacter)
ACC deaminase-producing microbes 
Soil amendments (gypsum, compost)

Heavy Metal 
Toxicity (Cd, Pb, 

As)

Displacement of essential 
metals (e.g., Cd replaces Zn) 
Oxidative stress via ROS 
Enzyme inhibition

Reduced photosynthesis & 
respiration

Stunted root growth 
Cellular damage (lipid 

peroxidation)

Phytochelatin synthesis 
Metal sequestration in 

vacuoles
Antioxidant enzyme 
upregulation (SOD, 

catalase)

Metal-tolerant microbes (Pseudomonas, Burkholderia)
Mycorrhizal fungi for immobilization 
Phytoremediation with microbial augmentation
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(Figure 4) highlights that the phyllosphere harbours potential 
endophytes, which may establish short-term associations or evolve 
into long-term mutualistic relationships. These endophytes can be 
pathogenic or non-pathogenic, and their colonization dynamics 
may displace existing residents. Over time, core spermatophyte-
associated microbes and new endophytes contribute to stable, 
beneficial partnerships. Research into the phyllosphere microbiome 
can unlock natural biocontrol strategies and improve crop resilience 
to environmental stressors [54-56].

Rhizosphere Microbiome

The rhizosphere, the soil region directly influenced by root 
exudates, is a hotspot of microbial activity. It hosts a rich consortium 
of bacteria (e.g., PGPR—Plant Growth-Promoting Rhizobacteria), 
fungi (such as mycorrhizae), and archaea. These microbes play 
pivotal roles in nutrient cycling, including phosphorus solubilization 
and nitrogen fixation, while also suppressing soil-borne pathogens 
through antibiotic production and resource competition.

As illustrated in the (Figure 4) the rhizosphere contains potential 
endophytes that may colonize seeds or adult plants, contributing 
to nutrient uptake and stress tolerance. Like the phyllosphere, the 
rhizosphere microbiome includes core microbial endophytes (e.g., 
spermatophytes) and temporal residents, with new arrivals potentially 
altering the community structure. These interactions enhance 
soil aggregation, water retention, and plant health. Harnessing 
rhizosphere microbiomes can lead to sustainable farming practices 
that boost yields while reducing chemical inputs [56-58].

The Phyllosphere: A Microbial Hotspot on Leaves and 
Stems

The phyllosphere refers to the above-ground surfaces of plants, 
including leaves, stems, flowers, and fruits, which serve as dynamic 
habitats for diverse microbial communities. These microorganisms 

form complex ecological networks that influence plant health, growth, 
and stress resilience. Despite harsh conditions-such as intense UV 
radiation, temperature fluctuations, and limited nutrient availability-
the phyllosphere sustains a rich and active microbiome. These 
microbes play crucial roles in nutrient cycling, pathogen defence, and 
environmental stress mitigation. Understanding the phyllosphere 
microbiome is key to developing sustainablecultivation practices that 
enhance crop productivity naturally [59,60]. 

High-throughput sequencing studies have identified dominant 
bacterial phyla, including Proteobacteria (e.g., Pseudomonas and 
Methylobacterium), known for their role in nitrogen fixatio¬¬n and 
plant growth promotion; Firmicutes (e.g., Bacillus), which enhance 
stress tolerance and suppress pathogens; and Actinobacteria (e.g., 
Streptomyces), celebrated for their antibiotic-producing capabilities. 
Fungal communities are equally diverse, primarily consistingof 
Ascomycota (Alternaria, Cladosporium) and Basidiomycota 
(Cryptococcus), w¬¬hich contribute to organic matter decomposition 
and symbiotic relationships. Additionally, genera such as Aspergillus, 
Trichoderma, and Cladosporium play dual roles—some strains act 
as beneficial biocontrol agents, while others may be opportunistic 
pathogens under stress conditions. The phyllosphere microbiome 
serves as a vital ecological interface, performing multiple functions 
that enhance plant fitness, productivity, and resilience. These 
microbial communities act as the plant’s first line of defence against 
biotic and abiotic stresses while actively promoting growth through 
sophisticated biochemical interactions [61-63]..

Disease Protection: The Phyllosphere as a Biological 
Shield

Phyllosphere microbes protect plants through multiple 
antagonistic mechanisms that offer sustainable alternatives to 
chemical pesticides:

Competitive Exclusion: Beneficial microbes establish themselves 
on plant leaf surfaces before pathogens can colonize, physically 
blocking their attachment. They consume available nutrients through 
faster growth rates, starving potential invaders of essential resources. 
Some species produce biosurfactants that alter leaf surface properties, 
making them inhospitable for pathogen establishment. This spatial 
dominance is particularly effective against foliar pathogens that 
require specific entry points. Recent studies show that applying 
competitive exclusion consortia can reduce disease incidence by 40-
60%. Field trials demonstrate that early-season microbial colonization 
is crucial for maximum protective effects [64,65].

Antimicrobial Production: Bacillus subtilisand related species 
synthesize a potent arsenal of antifungal compounds including 
lipopeptides like surfactin, iturin, and fengycin. These molecules 
disrupt pathogen cell membranes and inhibit spore germination 
at concentrations as low as 10 μg/mL. The broad-spectrum activity 
of these compounds makes them effective against multiple plant 
pathogens simultaneously. Formulations containing antimicrobial-
producing strains maintain stability on leaf surfaces for up to 14 
days post-application. Researchers are now engineering strains 
with enhanced production capabilities through metabolic pathway 
optimization [66,67].

Figure 4: Illustrates the dynamic interactions between plants and microbial 
endophytes across different growth stages. In the phyllo sphere (above-
ground surfaces), potential endophytes form short-term associations or 
evolve into long-term mutualistic relationships. The rhizosphere (root zone) 
harbors microbial communities that influence plant health and nutrient 
cycling. These interactions can range from pathogenic to beneficial, shaping 
plant-microbe coexistence over time. Figure is retrieved from app.biorender.
com. accessed on April 25, 2025.
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Antibiosis: Pseudomonasspecies employ sophisticated antibiotic 
weapons like 2,4-DAPG that interfere with pathogen cellular 
processes at multiple levels. These antibiotics work synergistically 
with other microbial defense mechanisms, creating a multi-layered 
protection system. The antibiotics are produced in response to 
pathogen presence through quorum-sensing mechanisms, ensuring 
efficient resource use. Some strains can deliver antibiotics directly to 
pathogen cells through specialized secretion systems[68].

Induced Systemic Resistance (ISR): Phyllosphere microbes 
trigger a sophisticated immune response in plants by stimulating 
jasmonic acid (JA) and salicylic acid (SA) signalling pathways, 
effectively primingthe plant’s defence mechanisms. When 
beneficial bacteria like  Pseudomonas fluorescens  or fungi 
like Trichoderma  colonize leaf surfaces, they produce elicitors such 
as lipopolysaccharides, siderophores, or volatile organic compounds 
that activate systemic resistance. This priming effect enables plants to 
respond more rapidly and strongly to pathogen attacks, with studies 
showing ISR can reduce disease severity by 50-70%. The JA pathway 
particularly enhances defense against necrotrophic pathogens 
like Alternaria sesami, while the SA pathway targets biotrophic threats 
such as powdery mildew. Importantly, ISR does not divert energy from 
plant growth, making it an energy-efficient defense strategy. Field 
applications of ISR-inducing microbes have shown protection lasting 
3-4 weeks post-treatment. Recent advances include combining ISR-
inducing strains with chitosan-based formulations that both enhance 
microbial adhesion to leaves and themselves act as resistance elicitors. 
Breeding programs are now selecting plant varieties with enhanced 
responsiveness to ISR induction, creating synergistic plant-microbe 
partnerships for sustainable disease management[69,70,71]. (Table 3)
represents key mechanisms of phyllosphere-mediated disease 
protection in sesame, highlighting microbial strategies and their 
efficacy. The table summarizes competitive exclusion, antimicrobial 
production, antibiosis, and induced systemic resistance (ISR) as 
sustainable alternatives to chemical pesticides. 

Phyllosphere-Mediated Drought Resilience: Microbial 
Mechanisms and Applications

formation: Phyllosphere microbes form intricate biofilm 
matrices on leaf surfaces that act as natural moisture barriers. 
These biofilms consist of extracellular polymeric substances (EPS) 
that can hold up to 10 times their weight in water, creating a 

localized humid microenvironment. The biofilm structure reduces 
cuticular transpiration by 15-30%, significantly decreasing water 
loss during drought periods. Certain bacterial species like Bacillus 
aryabhattaiproduce hygroscopic compounds that actively capture 
atmospheric moisture at night. Research shows that applying biofilm-
forming consortia can improve leaf water retention by 25% under 
water-deficit conditions. Farmers in arid regions are testing these 
microbes as “living mulches” that can be sprayed onto crops. Recent 
advances include combining biofilm formers with water-absorbing 
polymers for enhanced drought protection [72,73].

ACC Deaminase Activity: ACC deaminase-producing bacteria 
such as Methylobacterium and Pseudomonas play a crucial 
role in drought stress mitigation by regulating plant ethylene 
levels. These microbes actively cleave the ethylene precursor 
1-aminocyclopropane-1-carboxylic acid (ACC), reducing stress-
induced ethylene accumulation by 40-60%. Field trials demonstrate 
that ACC deaminase-containing inoculants can improve root growth 
by 35% under water stress, enabling better water exploration. The 
bacteria also stimulate the production of stress-responsive osmolytes 
like proline and glycine betaine in plants. New formulations combine 
ACC deaminase producers with mycorrhizal fungi for synergistic 
drought protection. Breeding programs are now selecting plant 
varieties that better recruit these beneficial microbes under stress 
conditions [74,75].

UV Radiation Protection: UV-resistant phyllosphere 
inhabitants like Deinococcus radiodurans and Sphingomonas species 
produce protective pigments including melanins, carotenoids, and 
mycosporine-like amino acids. These compounds absorb 85-95% 
of harmful UV-B radiation before it can damage plant tissues. The 
pigments also quench reactive oxygen species, reducing oxidative 
damage to leaf cells. Some pigmented bacteria increase their UV-
protective compound production by up to 300% when exposed to 
strong sunlight. Agricultural applications include foliar sprays of 
pigment-producing microbes before anticipated high-UV periods. 
Researchers are developing microbial consortia where pigment 
producers work alongside other beneficial species for comprehensive 
protection [76].

Phyllosphere microbes combat UV-induced oxidative stress 
through robust antioxidant systems. SOD and catalase enzymes from 
epiphytic bacteria can neutralize up to 70% of reactive oxygen species 

Table 3: Phyllosphere-Mediated Disease Protection Mechanisms

Mechanism Key Microbes Mode of Action Efficacy & Applications

Competitive Exclusion Pseudomonas, 
Bacillus spp.

Colonize leaf surfaces first, blocking pathogen 
attachment 

Consume nutrients faster, starving pathogens 
Produce biosurfactants to alter leaf hydrophobicity

Reduces disease incidence by 40–
60%; early-season application 

critical

Antimicrobial Production Bacillus subtilis
Synthesizes lipopeptides (surfactin, iturin, fengycin) 

Disrupts pathogen membranes & spore germination (<10 
μg/mL)

Broad-spectrum protection; stable 
for 14 days on leaves

Antibiosis Pseudomonas spp.
Produces antibiotics (e.g., 2,4-DAPG) targeting pathogen 

cellular processes 
Delivers toxins via secretion systems

Synergistic with other defenses; 
quorum-sensing regulated

Induced Systemic 
Resistance (ISR)

Pseudomonas 
fluorescens, Trichoderma

Activates JA/SA pathways via elicitors (LPS, 
siderophores, VOCs) 

Primes plant defenses against biotrophic/necrotrophic 
pathogens

Reduces disease severity by 50–
70%; protection lasts 3-4 weeks
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generated during UV exposure. Some strains like Methylobacterium 
extorquens increase their antioxidant enzyme production by 
5-fold under high light stress. These microbial antioxidants work 
synergistically with the plant’s own defense systems, providing an 
additional protective layer. Field applications show that antioxidant-
producing microbes can reduce UV-induced yield losses by 15-25%. 
New formulations combine these microbes with natural antioxidant 
compounds like flavonoids for enhanced protection [77]

Thermotolerance: Heat-adapted phyllosphere yeasts like 
Rhodotorula and Cryptococcus species produce small heat-shock 
proteins (sHSPs) that stabilize plant cellular structures during 
temperature extremes. These microbial chaperones help maintain 
the functionality of critical enzymes and membrane integrity at 
temperatures up to 45°C. Some thermotolerant microbes also 
induce the plant’s own heat-shock protein production through 
signalling molecules. Field studies demonstrate that heat-adapted 
microbial inoculants can improve pollen viability by 30% during 
heat waves. Researchers are developing regional-specific microbial 
blends adapted to local temperature patterns. Emerging technologies 
include encapsulating these microbes in temperature-responsive 
materials that release them during heat stress events [78,79].  
(Table 4) depicts mechanisms of phyllosphere-mediated drought 
resilience in sesame through microbial interventions. It summarizes 
four key microbial strategies (biofilm formation, ACC deaminase 
activity, UV protection, and thermotolerance) that enhance plant 
survival under abiotic stress. Each mechanism is characterized by its 
specific microorganisms, mode of action, and demonstrated efficacy 
in field applications. Data are compiled from recent studies [72-79] 
showing how phyllosphere microbes can be harnessed for sustainable 
crop protection in water-limited environments.

Growth Promotion: Phyllosphere Microbes as Biochemical 
Stimulants

The phyllosphere microbiome serves as a natural biochemical 
factory, enhancing plant growth and productivity through multiple 
mechanisms. These microbial stimulants offer sustainable alternatives 
to synthetic growth regulators while improving crop resilience and 
yield potential.

Phytohormone Production: Microbial Growth Regulators: 
Phyllosphere bacteria such as  Bacillus,  Pseudomonas, 
and Methylobacterium play a pivotal role in development through the 
synthesis of key plant hormones, each contributing distinct growth 
benefits. Auxins (IAA), produced by these microbes, stimulate root 
elongation, lateral branching, and vascular tissue development, 
thereby enhancing the plant’s capacity for nutrient and water 
uptake. Gibberellins, another class of microbial-derived hormones, 
promote stem elongation, flowering, and seed set, which are critical 
factors for achieving high-yield. Additionally, cytokinins secreted 
by phyllosphere bacteria delay leaf senescence, ensuring prolonged 
photosynthetic activity during the crucial grain-filling stage. The 
practical application of these hormone-producing microbial consortia 
has demonstrated significant agronomic benefits, with field trials 
reporting 15–25% increases in biomass and 10–20% improvements 
in seed yields. Recognizing these advantages, the agricultural 
industry has begun commercializing foliar sprays that combine IAA-
producing bacterial strains with essential micronutrients, offering 
farmers an effective organic alternative to synthetic growth boosters. 
These microbial-based solutions not only enhance crop productivity 
but also align with sustainable farming practices by reducing reliance 
on chemical inputs [80,81].

Nutrient Solubilization: Unlocking Mineral Availability: 
Specialized phyllosphere microbes play a crucial role in nutrient 
solubilization, transforming insoluble minerals into plant-
accessible forms through multiple mechanisms. These beneficial 
microorganisms produce siderophores - iron-chelating compounds 
that convert Fe³+ into soluble Fe²+, effectively preventing chlorosis in 
calcareous soils where iron deficiency commonly occurs. Additionally, 
they secrete organic acids such as gluconic and citric acid that 
dissolve bound phosphorus, increasing its availability by 30-50% 
for plant uptake. Certain epiphytic fungi further enhance nutrient 
mobilization by converting mineral-bound zinc and potassium into 
bioavailable forms through enzymatic action and acidification of the 
leaf surface microenvironment. Recognizing these valuable functions, 
agricultural innovators have developed next-generation biofertilizer 
blends that combine these nutrient-solubilizing microbes with 

Table 4: Mechanisms of phyllosphere-mediated drought resilience in sesame through microbial interventions

Mechanism Key Microorganisms Mode of Action Efficacy/Applications

Biofilm Formation Bacillus aryabhattai, EPS-producing 
bacteria

Form water-retentive biofilms (hold 10× 
their weight in water)

Reduce cuticular transpiration by 15-30%
Capture atmospheric moisture via 

hygroscopic compounds

Improves leaf water retention by 25% under 
drought; used as living mulch sprays

ACC 
Deaminase Activity Methylobacterium, Pseudomonas spp.

Cleaves ethylene precursor (ACC), 
reducing stress ethylene by 40-60%

Enhances root growth (35%) and osmolyte 
production (proline, glycine betaine)

Synergistic with mycorrhizal fungi; used in 
drought-tolerant inoculants

UV 
Radiation Protection

Deinococcus radiodurans, 
Sphingomonas spp.

Produce UV-absorbing pigments 
(melanins, carotenoids) blocking 85-95% 

UV-B
Quench ROS; some increase pigment 
production by 300% under UV stress

Foliar sprays reduce UV-induced yield losses 
by 15-25%

Thermo
tolerance

Rhodotorula, Cryptococcus spp. 
(yeasts)

Secrete small heat-shock proteins (sHSPs) 
stabilizing enzymes up to 45°C

Induce plant HSP production; improve 
pollen viability by 30% during heatwaves

Encapsulated in temperature-responsive 
materials for targeted release
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organic carriers like humic acids and fulvic acids, creating versatile 
formulations suitable for both foliar application and soil treatment. 
These microbial solutions not only improve plant nutrition but also 
significantly reduce dependence on synthetic fertilizers, offering 
a sustainable approach to crop management that maintains soil 
health while optimizing productivity. The strategic use of these 
microbial consortia is particularly valuable in regions with nutrient-
deficient soils or where chemical fertilizer use is being curtailed for 
environmental reasons [82-84].

Enhanced Photosynthetic Efficiency: The phyllosphere 
microbiome significantly enhances photosynthetic efficiency through 
multiple synergistic mechanisms mediated by beneficial microbes 
like pink-pigmented  Methylobacterium  (PPFM) and other leaf-
associated symbionts. These microorganisms optimize light energy 
conversion by actively supporting chlorophyll synthesis, with PPFM 
bacteria providing essential precursor molecules such as pyrrole 
rings that boost chlorophyll production and increase leaf greenness, 
typically raising SPAD values by 5-8 points. Beyond pigment support, 
phyllosphere microbes improve gas exchange through the production 
of volatile organic compounds like 2,3-butanediol that enhance 
stomatal regulation, maintaining optimal stomatal conductance 
even under environmental stress conditions. Certain epiphytic 
yeasts further contribute to photosynthetic efficiency by stabilizing 
and activating RuBisCO, the key enzyme in carbon fixation, thereby 
increasing CO₂ assimilation rates. Field trials incorporating these 
photosynthetic efficiency-enhancing microbes have demonstrated 
measurable improvements of 10-15% in canopy-level carbon 
assimilation, which directly correlates with higher yields. This 
microbial-mediated enhancement of photosynthetic performance is 
particularly valuable under suboptimal growing conditions, where 
natural photosynthetic capacity may be limited, offering farmers a 
biological tool to maximize the crop’s energy capture and conversion 
potential without genetic modification or chemical inputs [85-87]. 
(Table 5) represents mechanisms of phyllosphere-mediated growth 
promotion in sesame through microbial biochemical stimulants. The 
table outlines three key strategies (phytohormone production, nutrient 
solubilization, and photosynthetic enhancement) employed by leaf-
associated microbes to boost plant productivity. Each mechanism is 
characterized by its specific microbial agents, biochemical processes, 
demonstrated agronomic benefits, and practical field applications. 

Phyllosphere microbiota: A Sustainable Alternative to 
Chemical Fertilizers and Pesticides

The phyllosphere microbiome presents a powerful, eco-friendly 
solution to reduce dependence on synthetic agrochemicals in 
cultivation. These leaf-associated microbes offer dual functionality, 
serving as both natural biofertilizers and biopesticides. Nitrogen-
fixing microbes like Azotobacter work synergistically with disease-
suppressing Pseudomonas strains, creating multifunctional 
inoculants that simultaneously enhance plant nutrition and provide 
pathogen protection. This biofertilizer synergy not only improves crop 
health but also reduces input costs by combining multiple benefits in 
a single application. The market now offers ready-to-use biocontrol 
formulations, including commercial Bacillus subtilis products that 
effectively manage Cercospora leaf spot and Trichoderma-based 
sprays that control Alternaria blight, all while leaving no harmful 
chemical residues [88-90].

These microbial solutions work through an integrated, layered 
defence system that mirrors natural plant protection mechanisms. 
The first line of Défense comes from competitive exclusion, 
where beneficial microbes physically occupy space and consume 
nutrients that would otherwise support pathogen growth. This pre-
emptive protection is complemented by direct suppression through 
antimicrobial compounds like lipopeptides and antibiotics such as 
2,4-DAPG. The system extends beyond immediate pathogen control 
by inducing systemic resistance (ISR), priming the plant’s immune 
system through jasmonic and salicylic acid pathways for enhanced 
future protection. Together, these mechanisms-competitive 
exclusion, antimicrobial production, antibiosis, and ISR-create 
a comprehensive, self-reinforcing defense network. Over time, this 
approach fosters long-term resilience by establishing robust microbial 
communities that adapt to changing environmental conditions and 
pathogen pressures.

The transition to phyllosphere-based crop protection offers 
significant advantages over conventional chemical approaches. 
Unlike synthetic pesticides that often lead to resistance development 
in pathogens, microbial consortia employ multiple simultaneous 
modes of action that are difficult for pathogens to evade. Furthermore, 
these living solutions continue to proliferate and adapt on plant 
surfaces, providing ongoing protection rather than the temporary 
effect of chemical sprays. When combined with proper cultural 

Table 5: Phyllosphere Microbes as Biochemical Stimulants for Growth Promotion

Mechanism Key 
Microorganisms Mode of Action Agronomic Benefits

Phytohormone Production
Bacillus, 

Pseudomonas, 
Methylobacterium

Produce auxins (IAA) for root development 
Synthesize gibberellins for stem elongation/flowering 

Secrete cytokinins delaying leaf senescence

15-25% biomass increase 
10-20% higher seed yields; Commercial foliar 

sprays with micronutrients

Nutrient Solubilization

Siderophore-
producing 
bacteria, 

Organic acid-
secreting fungi

Siderophores convert Fe³⁺ to Fe²⁺ 
Organic acids (gluconic, citric) solubilize P (30-50% 

increase) 
Mobilize Zn/K through enzymatic action

Prevents chlorosis 
Improves mineral uptake;

Biofertilizer blends withhumic/fulvic acids

Photosynthetic 
Enhancement

Methylo-bacterium (PPFM),
epiphytic yeasts

Boost chlorophyll synthesis 
Produce VOCs for stomatal regulation 

Stabilize RuBisCO activity

10-15% higher CO₂ assimilation 
Improved light conversion; Foliar applications for 

stress mitigation
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practices and monitoring, phyllosphere microbiota management 
can reduce pesticide use by 40-80% while maintaining or improving 
yield quality and quantity. This paradigm shift toward microbiome-
based agriculture aligns with global demands for sustainable food 
production, offering farmers effective tools that protect both crop 
health and environmental quality. 

Future Perspectives in Phyllosphere Microbiome 
Applications for Sesame Cultivation

The frontier of agricultural microbiome management now 
incorporates cutting-edge technologies that enable precise, data-
driven microbial interventions. These innovations transform how 
farmers harness phyllosphere microbes for maximum crop benefit 
while optimizing resource use, particularly in developing stress-
resilient sesame varieties through microbiome-assisted breeding 
programs.

Mechanistic Understanding of Plant-Microbe Interactions 
Under Field Conditions: Future research must elucidate the precise 
molecular mechanisms governing phyllosphere microbe relationships 
in real-world agricultural settings. This requires long-term field 
studies tracking microbial succession patterns across different growth 
stages and environmental conditions. Advanced imaging techniques 
like fluorescence in situ hybridization (FISH) could visualize 
microbial colonization dynamics on leaf surfaces. Understanding 
these interactions will enable predictive modelling of microbiome 
assembly and function under various management practices. Such 
knowledge is critical for developing reliable microbiome-based 
solutions that perform consistently across diverse farming systems.

Standardization of Microbial Consortia for Different Agro-
Climatic Zones

The next decade will see concerted efforts to develop region-
specific microbial formulations tailored to local environmental 
stresses and soil types. This requires extensive field trials mapping 
microbial performance across temperature, humidity, and UV 
radiation gradients. Researchers must establish quality control 
protocols for microbial viability during formulation, storage, and 
application. Standardization efforts should include compatibility 
testing with common agronomic practices in each region. Success 
will depend on creating modular consortia that can be adjusted based 
on real-time environmental data and crop needs.

Integration of Multi-Omics Approaches for Microbial 
Identification

Cutting-edge omics technologies will transform our ability 
to identify and harness key functional microbes. Metagenomics 
can reveal unculturable microbial taxa with beneficial traits, while 
metabolomics will decode the chemical dialogue between plants 
and microbes. Proteomic analyses can identify microbial enzymes 
involved in stress mitigation and growth promotion. Systems 
biology approaches integrating these datasets will enable the design 
of synthetic microbial communities with predictable functions. This 
multi-omics pipeline should become routine in microbial product 
development cycles.

Microbiome-Assisted Breeding Integration

Leading seed companies are now incorporating phyllosphere 
microbiome compatibility as a core selection trait in developing 
new varieties.Screening thousands of genotypes for their ability 
to recruit beneficial stress-alleviating microbes. Selecting for 
traits that enhance microbial colonization (root exudate profiles, 
leaf surface characteristics). Developing varieties that maintain 
robust phyllosphere communities under drought and heat stress. 
Creating customized microbial packages tailored to specific variety 
characteristics

Advanced Nano-Formulation Technologies

Innovative encapsulation methods protect sensitive microbes 
during application and ensure controlled release on leaf surfaces, 
particularly important for delivering stress-alleviating microbes 
in challenging conditions. Multi-layered nanocoatings respond to 
environmental triggers (humidity, temperature) to time microbial 
release when plants need them most. These technologies are being 
adapted specifically for drought-tolerant varieties to enhance their 
natural microbiome associations. Some advanced systems now 
incorporate stress-specific microbial consortia with nutrient-rich 
matrices that support plant-microbe symbiosis during critical growth 
stages.

Policy Frameworks and Farmer Adoption Strategies

Scaling microbiome technologies requires parallel development 
of supportive policies and extension services. Regulatory agencies 
need science-based guidelines for evaluating microbial product safety 
and efficacy claims. Governments should incentivize microbiome 
technology adoption through subsidies and risk-sharing mechanisms. 
Extension programs must train farmers in proper microbial product 
storage, application timing, and efficacy monitoring. Demonstration 
farms showcasing successful microbiome integration can build 
confidence among smallholder farmers. Public-private partnerships 
will be essential to make these solutions accessible and affordable 
across different farm scales.

Sensor Networks for Real-Time Monitoring

Advanced hyperspectral cameras detect subtle changes in leaf 
reflectance patterns that correlate with microbial activity and plant 
health status. IoT-enabled smart leaf sensors continuously track 
microenvironmental conditions (humidity, temperature, light) 
and phyllosphere microbial dynamics, with particular attention to 
stress-responsive microbial communities. These systems provide 
early warnings of microbial community imbalances or plant stress 
responses, allowing breeders to identify superior plant-microbe 
combinations. Wireless sensor networks across fields create detailed 
spatial maps of microbiome effectiveness under different stress 
conditions. This real-time feedback is revolutionizing selection 
processes in breeding programs focused on drought and heat 
tolerance.

AI-Powered Predictive Analytics

Machine learning algorithms process historical and real-time 
data on weather patterns, soil conditions, and plant phenology to 
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predict optimal microbial application windows. AI models analyze 
complex interactions between specific varieties and their associated 
phyllosphere microbiomes, identifying key microbial markers for 
stress tolerance. Predictive systems now inform breeding decisions 
by evaluating how different genotypes recruit and maintain 
beneficial phyllosphere communities under stress. These analytics 
help seed companies develop varieties with enhanced microbiome 
compatibility, reducing unnecessary applications by 30-40% while 
improving treatment timing accuracy for stress-prone environments.

Conclusions
The phyllosphere microbiome represents an untapped reservoir 

of beneficial microbes that can drive the next revolution in sustainable 
agriculture. As research continues to unravel the complex interactions 
between plants and their associated microbial communities, it 
becomes increasingly clear that these invisible partners hold the key 
to addressing some of modern agriculture’s most pressing challenges-
from disease management and abiotic stress resilience to reducing 
dependence on chemical inputs. The diverse functional roles of 
phyllosphere microbes, including biocontrol, growth promotion, and 
stress mitigation, offer a holistic approach to crop improvement that 
works with, rather than against, natural ecosystems.

Recent advances in microbiome-assisted breeding, precision 
application technologies, and microbial consortia development are 
rapidly translating laboratory discoveries into practical farming 
solutions. The integration of multi-omics approaches with traditional 
agricultural knowledge is creating new opportunities to customize 
microbial interventions for specific varieties, growth stages, and 
environmental conditions. However, realizing the full potential 
of phyllosphere microbiome engineering will require overcoming 
significant challenges in standardization, scalability, and farmer 
adoption.

As we move forward, the successful implementation of 
microbiome-based agriculture in sesame production will depend on 
three critical factors: (1) continued research into the fundamental 
ecology of plant-microbe interactions under field conditions, (2) 
development of robust, climate-smart microbial formulations 
that maintain efficacy across diverse growing regions, and (3) 
establishment of supportive policy frameworks that facilitate 
technology transfer to farmers. The interdisciplinary nature of this 
work-bridging microbiology, plant science, data analytics, and 
social sciences-underscores both its complexity and its tremendous 
potential.Ultimately, harnessing the phyllo sphere microbiome 
represents more than just a novel agricultural strategy-it embodies 
a paradigm shift toward working with nature’s own systems to 
create more resilient, productive, and sustainable food production 
systems. As climate change intensifies and global demand for sesame 
continues to grow, these microbial solutions may prove indispensable 
for ensuring food security while protecting environmental health. 

References
1.	 Mili A, Das S, Nandakumar K, Lobo R (2011) A comprehensive review on 

Sesamum indicum L.: Botanical, ethnopharmacological, phytochemical, and 
pharmacological aspects. J Ethnopharmacol 281:114503. 

2.	 Wei P, Zhao F, Wang Z, Wang Q, Chai X, et al. (2022) Sesame (Sesamum 

indicum L.): A Comprehensive Review of Nutritional Value, Phytochemical 
Composition, Health Benefits, Development of Food, and Industrial 
Applications. Nutrients 14: 4079. 

3.	 Andargie M, Vinas M, Rathgeb A, Möller E, Karlovsky P (2021) Lignans of 
Sesame (Sesamum indicum L.): A Comprehensive Review. Molecules 26: 
883. 

4.	 Kefale H, Wang L (2022) Discovering favorable genes, QTLs, and genotypes 
as a genetic resource for sesame (Sesamum indicum L.) improvement. Front. 
Genet 13: 1002182. 

5.	 Qureshi M, Langham D, Lucas SJ,Uzun B, Yol E (2022) Breeding history for 
shattering trait in sesame: classic to genomic approach. Mol. Biol. Rep., 49: 
7185-7194.

6.	 Sanni BTA G, Ezin V, Chabi IB, Missihoun AA, Florent Q, et al. (2022) 
Production and achievements of Sesamum indicum industry in the world: 
Past and current state. Oil Crop Science 9: 187-197.

7.	 Trivedi P, Leach JE, Tringe SG, Sa T, Singh BK  (2020) Plant–microbiome 
interactions: from community assembly to plant health. Nat Rev Microbiol 18: 
607-621. 

8.	 Duan Y, Miao H, Ju M, Li C, Cao H, et al. (2023) Nutraceutomics of the 
Ancient Oilseed Crop Sesame (Sesamum indicum  L.). In: Kole, C. (eds) 
Compendium of Crop Genome Designing for Nutraceuticals. Springer, 
Singapore Pp: 471-501. 

9.	 Anilakumar KR, Pal A, Khanum F, Bawas AS (2010) Nutritional, medicinal 
and industrial uses of sesame (Sesamum indicum L.) seeds. Agric Conspec 
Sci 75: 159-168.

10.	Mostashari P, Mousavi Khaneghah A (2024) Sesame Seeds: A Nutrient-Rich 
Superfood. Foods 13: 1153.  

11.	DOSSOU SSK, XU FT, DOSSA K, ZHOU R, ZHAO YZ, WANG LH (2023) 
Antioxidant lignans sesamin and sesamolin in sesame (Sesamum indicum 
L.): A comprehensive review and future prospects. Journal of Integrative 
Agriculture 22: 14-30.  

12.	Oboulbiga EB, Douamba Z, Compaoré-Sérémé D, Semporé JN, Dabo R, 
et al. (2023) Physicochemical, potential nutritional, antioxidant and health 
properties of sesame seed oil: a review. Front Nutr 10: 1127926. 

13.	Idowu AO, Alashi AM, Nwachukwu ID, Fagbemi TN, Aluko RE, et al. 
(2021)  Functional properties of sesame (Sesamum indicum  Linn) seed 
protein fractions. Food Prod Process and Nutr 3: 4. 

14.	Dar AA, Verma NK, Neelakantan Arumugam N (2015) An updated method for 
isolation, purification and characterization of clinically important antioxidant 
lignans – Sesamin and sesamolin, from sesame oil. Industrial Crops and 
Products 64: 201-208. 

15.	Zhou L, Lin X, Abbasi AM, Zheng B (2016) Phytochemical Contents and 
Antioxidant and Antiproliferative Activities of Selected Black and White 
Sesame Seeds. Biomed Res Int 2016: 8495630. 

16.	Jafari A, Parsi Nezhad B, Rasaei N, Rajabi A, Alaghi A, et al. (2025) Clinical 
evidence of sesame (Sesamum indicum L.) products and its bioactive 
compounds on anthropometric measures, blood pressure, glycemic control, 
inflammatory biomarkers, lipid profile, and oxidative stress parameters in 
humans: a GRADE-assessed systematic review and dose–response meta-
analysis. Nutr Metab (Lond) 22: 22. 

17.	Amin FM, Ahari SH, Yousef SM, Nasrallah GK (2023) Sesamol: a lignan 
in sesame seeds with potent anti-inflammatory and immunomodulatory 
properties 960: 176163. 

18.	Cengiz N, Kavak S, Güzel A, Ozbek H, Bektaş H, et al. (2013) Investigation 
of the hepatoprotective effects of Sesame (Sesamum indicum L.) in carbon 
tetrachloride-induced liver toxicity. J Membr Biol 246: 1-6. 

19.	Ramazani E, Ebrahimpour F, Emami SA, Shakeri A, Javadi B, et al. (2023) 
Sahebkar A, Tayarani-Najaran Z. Neuroprotective Effects of  Sesamum 
indicum, Sesamin and Sesamolin Against 6-OHDA-induced Apoptosis in 
PC12 Cells. Recent Adv Food Nutr Agric 14: 126-133. 

https://pubmed.ncbi.nlm.nih.gov/21520711/
https://pubmed.ncbi.nlm.nih.gov/21520711/
https://pubmed.ncbi.nlm.nih.gov/21520711/
https://pubmed.ncbi.nlm.nih.gov/36235731/
https://pubmed.ncbi.nlm.nih.gov/36235731/
https://pubmed.ncbi.nlm.nih.gov/36235731/
https://pubmed.ncbi.nlm.nih.gov/36235731/
https://pubmed.ncbi.nlm.nih.gov/33562414/
https://pubmed.ncbi.nlm.nih.gov/33562414/
https://pubmed.ncbi.nlm.nih.gov/33562414/
https://pubmed.ncbi.nlm.nih.gov/36544489/
https://pubmed.ncbi.nlm.nih.gov/36544489/
https://pubmed.ncbi.nlm.nih.gov/36544489/
https://pubmed.ncbi.nlm.nih.gov/35733066/
https://pubmed.ncbi.nlm.nih.gov/35733066/
https://pubmed.ncbi.nlm.nih.gov/35733066/
https://www.sciencedirect.com/science/article/pii/S2096242824000435
https://www.sciencedirect.com/science/article/pii/S2096242824000435
https://www.sciencedirect.com/science/article/pii/S2096242824000435
https://link.springer.com/rwe/10.1007/978-981-19-4169-6_17
https://link.springer.com/rwe/10.1007/978-981-19-4169-6_17
https://link.springer.com/rwe/10.1007/978-981-19-4169-6_17
https://link.springer.com/rwe/10.1007/978-981-19-4169-6_17
http://researchgate.net/publication/50870025_Nutritional_Medicinal_and_Industrial_Uses_of_Sesame_Sesamum_indicum_L_Seeds_-_An_Overview
http://researchgate.net/publication/50870025_Nutritional_Medicinal_and_Industrial_Uses_of_Sesame_Sesamum_indicum_L_Seeds_-_An_Overview
http://researchgate.net/publication/50870025_Nutritional_Medicinal_and_Industrial_Uses_of_Sesame_Sesamum_indicum_L_Seeds_-_An_Overview
https://pubmed.ncbi.nlm.nih.gov/38672826/
https://pubmed.ncbi.nlm.nih.gov/38672826/
https://www.sciencedirect.com/science/article/pii/S2095311922001757
https://www.sciencedirect.com/science/article/pii/S2095311922001757
https://www.sciencedirect.com/science/article/pii/S2095311922001757
https://www.sciencedirect.com/science/article/pii/S2095311922001757
https://pubmed.ncbi.nlm.nih.gov/37377483/
https://pubmed.ncbi.nlm.nih.gov/37377483/
https://pubmed.ncbi.nlm.nih.gov/37377483/
https://link.springer.com/article/10.1186/s43014-020-00047-5
https://link.springer.com/article/10.1186/s43014-020-00047-5
https://link.springer.com/article/10.1186/s43014-020-00047-5
https://www.sciencedirect.com/science/article/abs/pii/S092666901400644X
https://www.sciencedirect.com/science/article/abs/pii/S092666901400644X
https://www.sciencedirect.com/science/article/abs/pii/S092666901400644X
https://www.sciencedirect.com/science/article/abs/pii/S092666901400644X
https://pubmed.ncbi.nlm.nih.gov/27597975/
https://pubmed.ncbi.nlm.nih.gov/27597975/
https://pubmed.ncbi.nlm.nih.gov/27597975/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/40069782/
https://pubmed.ncbi.nlm.nih.gov/37925135/
https://pubmed.ncbi.nlm.nih.gov/37925135/
https://pubmed.ncbi.nlm.nih.gov/37925135/
https://pubmed.ncbi.nlm.nih.gov/22915054/
https://pubmed.ncbi.nlm.nih.gov/22915054/
https://pubmed.ncbi.nlm.nih.gov/22915054/
https://pubmed.ncbi.nlm.nih.gov/37539928/
https://pubmed.ncbi.nlm.nih.gov/37539928/
https://pubmed.ncbi.nlm.nih.gov/37539928/
https://pubmed.ncbi.nlm.nih.gov/37539928/


Journal of Plant Science & Research Prasanna Lakshmi B, et al. 

013
Citation: Prasanna Lakshmi B, Sreeramulu A. The Plant Microbiome: Harnessing Phyllosphere Microbial Communities for Sustainable Cultivation of 
Sesame (Sesamum indicum). J Plant Sci Res. 2025;12(2): 280

20.	Hazarika QK, Kalita P (2023) Sesame seeds: a promising anti-diabetic agent.  
Int J Pharm Sci Res 14: 103-108.

21.	Wu MS, Aquino LBB, Barbaza MYU, Hsieh CL, Castro-Cruz KA, et al. 
(2019) Anti-Inflammatory and Anticancer Properties of Bioactive Compounds 
from Sesamum indicum L.-A Review. Molecules 24: 4426. 

22.	https://www.traditionalbodywork.com/sesame-oil-and-ayurvedic-abhyanga-
massage

23.	https://wuhealing.com/blog/2025/2/25/analyzing-the-effects-of-black-
sesame-from-the-perspective-of-traditional-chinese-medicine

24.	Elmaghraby DA, Alsalman GA, Alawadh LH, Al-Abdulqader SA, Alaithan 
MM, et al. (2023) Integrated traditional herbal medicine in the treatment of 
gastrointestinal disorder: the pattern of use and the knowledge of safety 
among the Eastern Region Saudi population. BMC Complement Med Ther 
23: 373. 

25.	Chatterjee P, Tewari S (2024) Sesame seeds as functional foods: An 
overview. 2024 International Journal of Horticulture and Food Science 6: 57-
59. 

26.	Mourad K, Othman YIM, Kandeel DM, Adbelghany M (2025) Assessing the 
drought tolerance of some sesame genotypes using agro-morphological, 
physiological, and drought tolerance indices. BMC Plant Biol 25: 352. 

27.	Teklu DH, Shimelis H, Abady S (2022) Genetic Improvement in Sesame 
(Sesamum indicum  L.): Progress and Outlook: A Review.  Agronomy 12: 
2144. 

28.	Azarbad H (2022) Conventional vs. Organic Agriculture-Which One Promotes 
Better Yields and Microbial Resilience in Rapidly Changing Climates? Front 
Microbiol 13: 903500. 

29.	Compant S, Samad A, Faist H,  Sessitsch A (2019) A review on the plant 
microbiome: Ecology, functions, and emerging trends in microbial application, 
Journal of Advanced Research 19: 29-37.  

30.	Hartmann A, Fischer D, Kinzel L, Chowdhury SP, Hofmann A, Baldani JI, et 
al. (2019) Michael Rothballer. Assessment of the structural and functional 
diversities of plant microbiota: Achievements and challenges – A review, J 
Advanced Research 19: 3-13. 

31.	Kumar S, Aeron A, Pandey P, Maheshwari DK (2011) Ecofriendly 
Management of Charcoal Rot and  Fusarium  Wilt Diseases in Sesame 
(Sesamum indicum  L.). In: Maheshwari, D. (eds) Bacteria in Agrobiology: 
Crop Ecosystems. Springer, Berlin, Heidelberg Pp: 387-405.  

32.	Yan W, Ni Y, Liu X, Zaho H, Chen Y,   et al.  (2021) The mechanism of sesame 
resistance against Macrophomina phaseolina was revealed via a comparison 
of transcriptomes of resistant and susceptible sesame genotypes. BMC Plant 
Biol 21: 159. 

33.	Zhao X, Liu X, Zhao H, Ni Y, Lian Q, et al. (2021)  Biological control of 
Fusarium wilt of sesame by Penicillium bilaiae 47M-1, Biological Control, 
158: 104601. 

34.	Sinha S, Navathe S, Singh S, Gupta DK, Kharwar RN, et al. (2023) Genome 
sequencing and annotation of Cercospora sesami, a fungal pathogen causing 
leaf spot to Sesamum indicum. 3 Biotech 13: 55. 

35.	Golla WN, Kebede AA, Kindeya YB (2020) Evaluation of sesame genotypes for 
seed yield and bacterial blight (Xanthomonas campestris pv. sesami) disease 
resistance in optimum moisture areas of Western Tigray, Ethiopia. Cogent 
Food & Agriculture 6. 

36.	Al-Jorany R, Al-Cerrawi A (2009) Assessment of losses and susceptibility of 
some sesame cultivars to infected by capsule borer Antigastra catalaunalis 
(Dup.) (Lepidoptera: Pyralidae) In Iraq. Iraq Journal of Agriculture 14.

37.	Dwarka, Thakur S, Katara VK, Chadar N, Parmar S (2024) “Introduction to 
Insect Pests of Sesame (Sesamum Indicum L.) and Their Management: A 
Review”. Journal of Advances in Biology & Biotechnology 27: 378-84. https://
doi.org/10.9734/jabb/2024/v27i121785.

38.	Ibrahim M, Abdel-Azad AM (2002)Management of Sesame (Sesamum 

indicum L.) Charcoal Rot Caused by Macrophomina phaseolina (Tassi) Goid. 
through the Application of Different Control Measure. Journal of Pure and 
Applied Microbiology 9: 141-149.

39.	Ramalingam R, Sathasivam R, Rengarajan RL, Abeer H , Allah A, et al. 
(2017) Isolation and identification of charcoal rot disease causing agent 
in sesame (Sesamum indicum L.) and their growth inhibition by bacillus 
methylotrophicus KE2. Pakistan Journal of Botany 49: 2495-2497.

40.	Armstrong JK, Armstrong, GM (1950) A Fusarium wilt of sesame in United 
States. Phytopathology 40: 785.

41.	Cho EK, Choi SH (1987) Etiology of half stem rot in sesame caused 
by Fusarium oxysporum. Kor. J. Plant Prot. 26: 25-30.

42.	Enikuomehin OA (2005) Cercospora leaf spot disease management in 
sesame (Sesamum indicum L.) with plant extracts Journal of Tropical 
Agriculture 43: 19-23. 

43.	Gedifew S (2024) Resistance of Sesame (Sesamum indicum L.) Genotypes 
Against Bacterial Blight (Xanthomonas campestris pv. sesami) in Benishangul 
Gumuz Region, Northwestern Ethiopia.  Advances in Bioscience and 
Bioengineering 12: 58-66.  

44.	Mayank R. Raiyani MR, Singh AK, Tiwari KK, Hitendra S (2023) Bhadauria, S. 
D. Solanki, Sushmita Singh, Wild sesame (Sesamum prostratum Retz.) as 
potent source of salt tolerance through better physiological and biochemical 
adaptation than cultivated sesame (Sesamum indicum L.), Vegetos 4: 1424-
1433.

45.	Kefale H, You J, Zhang Y, Getahun S, Berhe M, et al. (2024) Metabolomic 
insights into the multiple stress responses of metabolites in major oilseed 
crops. Physiol Plant 176: e14596. 

46.	Ahmad HM, Fiaz S, Hafeez S, Zahra S, Shah AN, et al. (2022) Plant Growth-
Promoting Rhizobacteria Eliminate the Effect of Drought Stress in Plants: A 
Review. Front. Plant Sci 13: 875774.  

47.	Jeyaraj S, Beevy SS (2024) Insights into the Drought Stress Tolerance 
Mechanisms of Sesame: The Queen of Oilseeds. J Plant Growth Regul 43: 
3370-3391. 

48.	Khan SU, Rahman M, Basak AR, Angon PB, Ritu SA, et al. (2025) Evaluation 
of different sesame varieties cultivated under saline conditions in the 
southwestern coastal region of Bangladesh,Crop Design 4: 100093.  

49.	Suassuna J, Fernandes P, Brito M, Arriel N, de Melo A, et al. (2017) Tolerance 
to Salinity of Sesame Genotypes in Different Phenological Stages. American 
Journal of Plant Sciences 8: 1904-1920.  

50.	Abu-Almaaly RA (2019) Estimate the Contamination by Some Heavy Metals 
in Sesame Seeds and Rashi Product That Available in Local Markets. Plant 
Archives 19: 3217-3222.

51.	Beshaw T, Demssie K, Tefera M, Guadie A (2022). Determination Of 
Proximate Composition, Selected Essential and Heavy Metals in Sesame 
Seeds (Sesamum Indicum L.) From The Ethiopian Markets and Assessment 
of The Associated Health Risks. Toxicology Reports 9: 1806-1812.

52.	Lyu D, Zajonc J, Pagé A, Tanney CAS, Shah A, et al. (2021) Plant Holobiont 
Theory: The Phytomicrobiome Plays a Central Role in Evolution and Success. 
Microorganisms. 9: 675. 

53.	Bordenstein SR, Theis KR (2015) Host Biology in Light of the Microbiome: 
Ten Principles of Holobionts and Hologenomes. PLoS Biol 13: e1002226. 

54.	Thapa S, Prasanna R (2018) Prospecting the characteristics and significance 
of the phyllosphere microbiome. Ann Microbiol 68: 229-245.  

55.	Dias ACF, Taketani RG, Andreote FD, Luvizotto DM, Silva JLD, et al. (2012) 
Interspecific variation of the bacterial community structure in the phyllosphere 
of the three major plant components of mangrove forests. Braz J Microbiol 
43: 653-660.

56.	Orozco-Mosqueda Ma del, Santoyo G (2021) Plant-microbial endophytes 
interactions: Scrutinizing their beneficial mechanisms from genomic 
explorations. Current Plant Biology, 25: 100189.  

https://www.taylorfrancis.com/chapters/edit/10.1201/9781003340201-7/phytochemicals-potential-functional-foods-nutraceutical-ingredients-ogechukwu-tasie-ama-adadzewa-eshun-judith-boateng-john-onuh
https://www.taylorfrancis.com/chapters/edit/10.1201/9781003340201-7/phytochemicals-potential-functional-foods-nutraceutical-ingredients-ogechukwu-tasie-ama-adadzewa-eshun-judith-boateng-john-onuh
https://pubmed.ncbi.nlm.nih.gov/31817084/
https://pubmed.ncbi.nlm.nih.gov/31817084/
https://pubmed.ncbi.nlm.nih.gov/31817084/
https://www.traditionalbodywork.com/sesame-oil-and-ayurvedic-abhyanga-massage
https://www.traditionalbodywork.com/sesame-oil-and-ayurvedic-abhyanga-massage
https://wuhealing.com/blog/2025/2/25/analyzing-the-effects-of-black-sesame-from-the-perspective-of-traditional-chinese-medicine
https://wuhealing.com/blog/2025/2/25/analyzing-the-effects-of-black-sesame-from-the-perspective-of-traditional-chinese-medicine
https://pubmed.ncbi.nlm.nih.gov/37872543/
https://pubmed.ncbi.nlm.nih.gov/37872543/
https://pubmed.ncbi.nlm.nih.gov/37872543/
https://pubmed.ncbi.nlm.nih.gov/37872543/
https://pubmed.ncbi.nlm.nih.gov/37872543/
https://www.researchgate.net/profile/Souvik-Tewari/publication/386905790_Sesame_seeds_as_functional_foods_An_overview/links/675ad52e951ca3556140c3eb/Sesame-seeds-as-functional-foods-An-overview.pdf
https://www.researchgate.net/profile/Souvik-Tewari/publication/386905790_Sesame_seeds_as_functional_foods_An_overview/links/675ad52e951ca3556140c3eb/Sesame-seeds-as-functional-foods-An-overview.pdf
https://www.researchgate.net/profile/Souvik-Tewari/publication/386905790_Sesame_seeds_as_functional_foods_An_overview/links/675ad52e951ca3556140c3eb/Sesame-seeds-as-functional-foods-An-overview.pdf
https://pubmed.ncbi.nlm.nih.gov/40098085/
https://pubmed.ncbi.nlm.nih.gov/40098085/
https://pubmed.ncbi.nlm.nih.gov/40098085/
https://www.mdpi.com/2073-4395/12/9/2144
https://www.mdpi.com/2073-4395/12/9/2144
https://www.mdpi.com/2073-4395/12/9/2144
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.903500/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.903500/full
https://www.frontiersin.org/journals/microbiology/articles/10.3389/fmicb.2022.903500/full
https://pubmed.ncbi.nlm.nih.gov/31341667/
https://pubmed.ncbi.nlm.nih.gov/31341667/
https://pubmed.ncbi.nlm.nih.gov/31341667/
https://pubmed.ncbi.nlm.nih.gov/31341665/
https://pubmed.ncbi.nlm.nih.gov/31341665/
https://pubmed.ncbi.nlm.nih.gov/31341665/
https://pubmed.ncbi.nlm.nih.gov/31341665/
https://link.springer.com/chapter/10.1007/978-3-642-18357-7_14
https://link.springer.com/chapter/10.1007/978-3-642-18357-7_14
https://link.springer.com/chapter/10.1007/978-3-642-18357-7_14
https://link.springer.com/chapter/10.1007/978-3-642-18357-7_14
https://pubmed.ncbi.nlm.nih.gov/33781203/
https://pubmed.ncbi.nlm.nih.gov/33781203/
https://pubmed.ncbi.nlm.nih.gov/33781203/
https://pubmed.ncbi.nlm.nih.gov/33781203/
https://www.sciencedirect.com/science/article/abs/pii/S1049964421000712
https://www.sciencedirect.com/science/article/abs/pii/S1049964421000712
https://www.sciencedirect.com/science/article/abs/pii/S1049964421000712
https://pubmed.ncbi.nlm.nih.gov/36685323/
https://pubmed.ncbi.nlm.nih.gov/36685323/
https://pubmed.ncbi.nlm.nih.gov/36685323/
https://www.tandfonline.com/doi/full/10.1080/23311932.2020.1771114
https://www.tandfonline.com/doi/full/10.1080/23311932.2020.1771114
https://www.tandfonline.com/doi/full/10.1080/23311932.2020.1771114
https://www.tandfonline.com/doi/full/10.1080/23311932.2020.1771114
https://www.researchgate.net/publication/340284917_Assessment_of_losses_and_susceptibility_of_some_sesame_cultivars_to_infected_by_capsule_borer_Antigastra_catalaunalis_Dup_in_Iraq
https://www.researchgate.net/publication/340284917_Assessment_of_losses_and_susceptibility_of_some_sesame_cultivars_to_infected_by_capsule_borer_Antigastra_catalaunalis_Dup_in_Iraq
https://www.researchgate.net/publication/340284917_Assessment_of_losses_and_susceptibility_of_some_sesame_cultivars_to_infected_by_capsule_borer_Antigastra_catalaunalis_Dup_in_Iraq
https://hal.science/hal-05071670/
https://hal.science/hal-05071670/
https://hal.science/hal-05071670/
https://doi.org/10.9734/jabb/2024/v27i121785
https://doi.org/10.9734/jabb/2024/v27i121785
https://www.researchgate.net/profile/Ahmed-Abdel-Azeem/publication/275335333_Management_of_Sesame_Sesamum_indicum_L_Charcoal_Rot_Caused_by_Macrophomina_phaseolina_Tassi_Goid_through_the_Application_of_Different_Control_Measure/links/56279d7e08ae22b1fb13cc83/Management-of-Sesame-Sesamum-indicum-L-Charcoal-Rot-Caused-by-Macrophomina-phaseolina-Tassi-Goid-through-the-Application-of-Different-Control-Measure.pdf
https://www.researchgate.net/profile/Ahmed-Abdel-Azeem/publication/275335333_Management_of_Sesame_Sesamum_indicum_L_Charcoal_Rot_Caused_by_Macrophomina_phaseolina_Tassi_Goid_through_the_Application_of_Different_Control_Measure/links/56279d7e08ae22b1fb13cc83/Management-of-Sesame-Sesamum-indicum-L-Charcoal-Rot-Caused-by-Macrophomina-phaseolina-Tassi-Goid-through-the-Application-of-Different-Control-Measure.pdf
https://www.researchgate.net/profile/Ahmed-Abdel-Azeem/publication/275335333_Management_of_Sesame_Sesamum_indicum_L_Charcoal_Rot_Caused_by_Macrophomina_phaseolina_Tassi_Goid_through_the_Application_of_Different_Control_Measure/links/56279d7e08ae22b1fb13cc83/Management-of-Sesame-Sesamum-indicum-L-Charcoal-Rot-Caused-by-Macrophomina-phaseolina-Tassi-Goid-through-the-Application-of-Different-Control-Measure.pdf
https://www.researchgate.net/profile/Ahmed-Abdel-Azeem/publication/275335333_Management_of_Sesame_Sesamum_indicum_L_Charcoal_Rot_Caused_by_Macrophomina_phaseolina_Tassi_Goid_through_the_Application_of_Different_Control_Measure/links/56279d7e08ae22b1fb13cc83/Management-of-Sesame-Sesamum-indicum-L-Charcoal-Rot-Caused-by-Macrophomina-phaseolina-Tassi-Goid-through-the-Application-of-Different-Control-Measure.pdf
https://mail.pakbs.org/pjbot/papers/1512405329.pdf
https://mail.pakbs.org/pjbot/papers/1512405329.pdf
https://mail.pakbs.org/pjbot/papers/1512405329.pdf
https://mail.pakbs.org/pjbot/papers/1512405329.pdf
https://www.cabidigitallibrary.org/doi/full/10.5555/19511100437
https://www.cabidigitallibrary.org/doi/full/10.5555/19511100437
https://www.cabidigitallibrary.org/doi/full/10.5555/19891131736
https://www.cabidigitallibrary.org/doi/full/10.5555/19891131736
https://jtropag.kau.in/index.php/ojs2/article/view/127
https://jtropag.kau.in/index.php/ojs2/article/view/127
https://jtropag.kau.in/index.php/ojs2/article/view/127
http://www.advbab.com/article/10.11648/j.abb.20241203.12
http://www.advbab.com/article/10.11648/j.abb.20241203.12
http://www.advbab.com/article/10.11648/j.abb.20241203.12
http://www.advbab.com/article/10.11648/j.abb.20241203.12
https://link.springer.com/article/10.1007/s42535-023-00696-0
https://link.springer.com/article/10.1007/s42535-023-00696-0
https://link.springer.com/article/10.1007/s42535-023-00696-0
https://link.springer.com/article/10.1007/s42535-023-00696-0
https://link.springer.com/article/10.1007/s42535-023-00696-0
https://pubmed.ncbi.nlm.nih.gov/39575499/
https://pubmed.ncbi.nlm.nih.gov/39575499/
https://pubmed.ncbi.nlm.nih.gov/39575499/
https://pubmed.ncbi.nlm.nih.gov/36035658/
https://pubmed.ncbi.nlm.nih.gov/36035658/
https://pubmed.ncbi.nlm.nih.gov/36035658/
https://link.springer.com/article/10.1007/s00344-024-11353-4
https://link.springer.com/article/10.1007/s00344-024-11353-4
https://link.springer.com/article/10.1007/s00344-024-11353-4
https://www.sciencedirect.com/science/article/pii/S2772899424000429
https://www.sciencedirect.com/science/article/pii/S2772899424000429
https://www.sciencedirect.com/science/article/pii/S2772899424000429
https://www.scirp.org/journal/paperinformation?paperid=77856
https://www.scirp.org/journal/paperinformation?paperid=77856
https://www.scirp.org/journal/paperinformation?paperid=77856
https://www.plantarchives.org/19-2/3217-3222 (5133).pdf
https://www.plantarchives.org/19-2/3217-3222 (5133).pdf
https://www.plantarchives.org/19-2/3217-3222 (5133).pdf
https://www.sciencedirect.com/science/article/pii/S2214750022001901
https://www.sciencedirect.com/science/article/pii/S2214750022001901
https://www.sciencedirect.com/science/article/pii/S2214750022001901
https://www.sciencedirect.com/science/article/pii/S2214750022001901
https://pubmed.ncbi.nlm.nih.gov/33805166/
https://pubmed.ncbi.nlm.nih.gov/33805166/
https://pubmed.ncbi.nlm.nih.gov/33805166/
https://link.springer.com/article/10.1007/s13213-018-1331-5
https://link.springer.com/article/10.1007/s13213-018-1331-5
https://pubmed.ncbi.nlm.nih.gov/24031877/
https://pubmed.ncbi.nlm.nih.gov/24031877/
https://pubmed.ncbi.nlm.nih.gov/24031877/
https://pubmed.ncbi.nlm.nih.gov/24031877/
https://www.sciencedirect.com/science/article/pii/S2214662820300700
https://www.sciencedirect.com/science/article/pii/S2214662820300700
https://www.sciencedirect.com/science/article/pii/S2214662820300700


Journal of Plant Science & Research Prasanna Lakshmi B, et al. 

014
Citation: Prasanna Lakshmi B, Sreeramulu A. The Plant Microbiome: Harnessing Phyllosphere Microbial Communities for Sustainable Cultivation of 
Sesame (Sesamum indicum). J Plant Sci Res. 2025;12(2): 280

57.	Pantigoso HA, Newberger D, Vivanco JM (2022) The rhizosphere microbiome: 
Plant-microbial interactions for resource acquisition. J Appl Microbiol 133: 
2864-2876. 

58.	Saeed Q, Xiukang W, Haider FU, Kučerik J, Mumtaz MZ, et al. (2021) 
Rhizosphere Bacteria in Plant Growth Promotion, Biocontrol, and 
Bioremediation of Contaminated Sites: A Comprehensive Review of Effects 
and Mechanisms. Int J Mol Sci 22: 10529. 

59.	Sivakumar N, Sathishkumar R, Selvakumar G, Shyamkumar R, Arjunekumar 
K (2020) Phyllospheric Microbiomes: Diversity, Ecological Significance, and 
Biotechnological Applications. Plant Microbiomes for Sustainable Agriculture 
25: 113-172. 

60.	Abdelfattah A, Nicosia MGLD, Cacciola SO, Droby S, Schena L (2015) 
Metabarcoding analysis of fungal diversity in the phyllosphere and 
carposphere of olive (Olea europaea) PLoS ONE. 2015;10: e0131069. 

61.	Thomas G, Kay WT, Fones HN (2024) Life on a leaf: the epiphyte to pathogen 
continuum and interplay in the phyllosphere. BMC Biol 22: 168. 

62.	Hayat R, Ali S, Amara U, Khalid R, Ahmed I (2010) Soil beneficial bacteria 
and their role in plant growth promotion: a review. Ann Microbiol 60: 579-598. 

63.	Eid AM, Fouda A, Abdel-Rahman MA, Salem SS, Elsaied A, et al. (2021) 
Harnessing Bacterial Endophytes for Promotion of Plant Growth and 
Biotechnological Applications: An Overview. Plants (Basel) 10: 935. 

64.	Chaudhry V, Runge P, Sengupta P, Doehlemann G, Parker JE, et al. (2021) 
Shaping the leaf microbiota: plant-microbe-microbe interactions. J Exp Bot 
72: 36-56. 

65.	Mahmoudi M, Almario J, Lutap K, Nieselt K, Kemen E (2024) Microbial 
communities living inside plant leaves or on the leaf surface are differently 
shaped by environmental cues, ISME Communications 4: ycae 103. 

66.	Li Y, Zhang Z, Liu W, Ke M, Qu Q, et al. (2021) Phyllosphere bacterial 
assemblage is affected by plant genotypes and growth stages. Microbiol Res 
248: 126743. 

67.	Rangel LI, Leveau JHJ (2024) Applied microbiology of the phyllosphere. Appl 
Microbiol Biotechnol 108: 211.

68.	Dimkić I, Janakiev T, Petrović M, Degrassi G, Fira D. (2022) Plant-associated 
Bacillus and Pseudomonas antimicrobial activities in plant disease 
suppression via biological control mechanisms - A review. Physiological and 
Molecular Plant Pathology 117: 101754.

69.	Yu Y, Gui Y, Li Z, Jiang C, Guo J, et al. (2022) Induced Systemic Resistance 
for Improving Plant Immunity by Beneficial Microbes. Plants (Basel) 11: 386. 

70.	Choudhary DK, Prakash A, Johri BN (2007) Induced systemic resistance 
(ISR) in plants: mechanism of action. Indian J Microbiol 47: 289-297. 

71.	Poveda J, Eugui D (2022) Combined use of Trichoderma and beneficial 
bacteria (mainly Bacillus and Pseudomonas): Development of microbial 
synergistic bio-inoculants in sustainable agriculture, Biological Control 176: 
105100.

72.	Patwardhan SB, Pandit C, Pandit S, Verma D, Lahiri D, et al. (2023) 
Monupriya Nag, Rina Rani Ray, Priyanka Jha, Ram Prasad. Illuminating 
the signalomics of microbial biofilm on plant surfaces. Biocatalysis and 
Agricultural Biotechnology 47:102537. 

73.	Sohrabi R, Paasch BC, Liber JA, He SY (2023) Phyllosphere Microbiome. 
Annual Review of Plant Biology. 74:539-568. 2023. 

74.	Herpell JB, Alickovic A, Diallo B, Schindler F, Weckwerth W (2023) Phyllosphere 

symbiont promotes plant growth through ACC deaminase production. ISME 
J 17: 1267-1277. https://doi.org/10.1038/s41396-023-01428-7

75.	Herpell JB, Alickovic A, Diallo B, Schindler F, Weckwerth W, Phyllosphere 
symbiont promotes plant growth through ACC deaminase production,  The 
ISME Journal 17: 1267-1277.

76.	Feng Liu, Nuomin Li, Yongqian Zhang (2023) The radioresistant and survival 
mechanisms of Deinococcus radiodurans,Radiation Medicine and Protection 
4: 70-79. https://doi.org/10.1016/j.radmp.2023.03.001.

77.	Zhan C, Matsumoto H, Liu, Y, Wang M (2022) Pathways to engineering the 
phyllosphere microbiome for sustainable crop production. Nat Food 3: 997-
1004. 

78.	Caspeta L, Chen Y, Nielsen J (2016) Thermotolerant yeasts selected by 
adaptive evolution express heat stress response at 30 °C. Sci Rep 6: 27003. 

79.	Cheng Z, Chi M, Li G, Chen H, Sui Y, et al. (2016) Heat shock improves 
stress tolerance and biocontrol performance of Rhodotorula mucilaginous, 
Biological Control 95: 49-56. 

80.	Abadi VAJM, Sepehri M, Rahmani HA, Zarei M, Ronaghi, et al. (2020) Role of 
Dominant Phyllosphere Bacteria with Plant Growth–Promoting Characteristics 
on Growth and Nutrition of Maize (Zea mays L.).  J Soil Sci Plant Nutr 20: 
2348-2363. 

81.	Chaudhary D, Kumar R, Sihag K, Kumari A (2017) Phyllospheric microflora 
and its impact on plant growth: a review. Agric Rev 38: 51-59.  

82.	Fürnkranz M, Wanek W, Richter A, Abell G, Rasche F, et al. (2008) Nitrogen 
fixation by phyllosphere bacteria associated with higher plants and their 
colonizing epiphytes of a tropical lowland rainforest of Costa Rica. ISME J 2: 
561-570. https://doi.org/10.1038/ismej.2008.14

83.	Trivedi P, Leach JE, Tringe SG,   Sa T, Sing BK (2020) Plant–microbiome 
interactions: from community assembly to plant health. Nat Rev Microbiol 18: 
607-621. 

84.	Parasuraman P, Pattnaik S, Siddhardha Busi S (2019) Chapter 10 
- Phyllosphere Microbiome: Functional Importance in Sustainable 
Agriculture,Editor(s): Jay Shankar Singh, D.P. Singh,New and Future 
Developments in Microbial Biotechnology and Bioengineering, Elsevier 2019: 
135-148. 

85.	De Mandal S, Jeon J (2023) Phyllosphere Microbiome in Plant Health and 
Disease. Plants (Basel) 12: 3481. 

86.	Yang H, Liu J, Ma M, Tan Z, Zhang K, et al. (2025) Leaf Development and 
Its Interaction with Phyllospheric Microorganisms: Impacts on Plant Stress 
Responses. Plant Stress 16: 100843. 

87.	Zhan C, Matsumoto H, Liu Y, et al.   (2022) Pathways to engineering the 
phyllosphere microbiome for sustainable crop production. Nat Food 3: 997-
1004. 

88.	Bashir I, Assad R, War AF, Rafiq I, Sofi IA, et al. (2021) Application of 
Phyllosphere Microbiota as Biofertilizers. Microbiota and Biofertilizers Pp: 
311-327.

89.	Kumar S, Diksha, Sindhu SS, Kumar R,Kumari A, et al. (2023) Harnessing 
Phyllosphere Microbiome for Improving Soil Fertility, Crop Production, and 
Environmental Sustainability. J Soil Sci Plant Nutr 23: 4719-4764. 

90.	Lau SE, Teo WFA, Teoh EY, Tan BC (2022) Microbiome engineering and 
plant biostimulants for sustainable crop improvement and mitigation of biotic 
and abiotic stresses. Discov Food 2: 9. 

https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://pubmed.ncbi.nlm.nih.gov/36648151/
https://link.springer.com/chapter/10.1007/978-3-030-38453-1_5
https://link.springer.com/chapter/10.1007/978-3-030-38453-1_5
https://link.springer.com/chapter/10.1007/978-3-030-38453-1_5
https://link.springer.com/chapter/10.1007/978-3-030-38453-1_5
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131069
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131069
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0131069
https://pubmed.ncbi.nlm.nih.gov/39113027/
https://pubmed.ncbi.nlm.nih.gov/39113027/
https://link.springer.com/article/10.1007/s13213-010-0117-1
https://link.springer.com/article/10.1007/s13213-010-0117-1
https://pubmed.ncbi.nlm.nih.gov/34067154/
https://pubmed.ncbi.nlm.nih.gov/34067154/
https://pubmed.ncbi.nlm.nih.gov/34067154/
https://pubmed.ncbi.nlm.nih.gov/32910810/
https://pubmed.ncbi.nlm.nih.gov/32910810/
https://pubmed.ncbi.nlm.nih.gov/32910810/
https://pubmed.ncbi.nlm.nih.gov/39165396/
https://pubmed.ncbi.nlm.nih.gov/39165396/
https://pubmed.ncbi.nlm.nih.gov/39165396/
https://pubmed.ncbi.nlm.nih.gov/33713869/
https://pubmed.ncbi.nlm.nih.gov/33713869/
https://pubmed.ncbi.nlm.nih.gov/33713869/
https://www.sciencedirect.com/science/article/abs/pii/S0885576521001557
https://www.sciencedirect.com/science/article/abs/pii/S0885576521001557
https://www.sciencedirect.com/science/article/abs/pii/S0885576521001557
https://www.sciencedirect.com/science/article/abs/pii/S0885576521001557
https://pubmed.ncbi.nlm.nih.gov/23100680/
https://pubmed.ncbi.nlm.nih.gov/23100680/
https://www.sciencedirect.com/science/article/pii/S1049964422002651
https://www.sciencedirect.com/science/article/pii/S1049964422002651
https://www.sciencedirect.com/science/article/pii/S1049964422002651
https://www.sciencedirect.com/science/article/pii/S1049964422002651
https://www.sciencedirect.com/science/article/abs/pii/S187881812200264X
https://www.sciencedirect.com/science/article/abs/pii/S187881812200264X
https://www.sciencedirect.com/science/article/abs/pii/S187881812200264X
https://www.sciencedirect.com/science/article/abs/pii/S187881812200264X
https://pubmed.ncbi.nlm.nih.gov/36854478/
https://pubmed.ncbi.nlm.nih.gov/36854478/
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://doi.org/10.1038/s41396-023-01428-7
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://pubmed.ncbi.nlm.nih.gov/37264153/
https://doi.org/10.1016/j.radmp.2023.03.001
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://pubmed.ncbi.nlm.nih.gov/27229477/
https://pubmed.ncbi.nlm.nih.gov/27229477/
https://www.sciencedirect.com/science/article/abs/pii/S1049964416300019
https://www.sciencedirect.com/science/article/abs/pii/S1049964416300019
https://www.sciencedirect.com/science/article/abs/pii/S1049964416300019
https://www.indianjournals.com/ijor.aspx?target=ijor:ar&volume=38&issue=1&article=005
https://www.indianjournals.com/ijor.aspx?target=ijor:ar&volume=38&issue=1&article=005
https://pubmed.ncbi.nlm.nih.gov/18273066/
https://pubmed.ncbi.nlm.nih.gov/18273066/
https://pubmed.ncbi.nlm.nih.gov/18273066/
https://pubmed.ncbi.nlm.nih.gov/18273066/
https://doi.org/10.1038/ismej.2008.14
https://pubmed.ncbi.nlm.nih.gov/32788714/
https://pubmed.ncbi.nlm.nih.gov/32788714/
https://pubmed.ncbi.nlm.nih.gov/32788714/
https://www.sciencedirect.com/science/article/abs/pii/B9780444641915000109
https://www.sciencedirect.com/science/article/abs/pii/B9780444641915000109
https://www.sciencedirect.com/science/article/abs/pii/B9780444641915000109
https://www.sciencedirect.com/science/article/abs/pii/B9780444641915000109
https://www.sciencedirect.com/science/article/abs/pii/B9780444641915000109
https://pubmed.ncbi.nlm.nih.gov/37836221/
https://pubmed.ncbi.nlm.nih.gov/37836221/
https://www.sciencedirect.com/science/article/pii/S2667064X25001083
https://www.sciencedirect.com/science/article/pii/S2667064X25001083
https://www.sciencedirect.com/science/article/pii/S2667064X25001083
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://pubmed.ncbi.nlm.nih.gov/37118297/
https://link.springer.com/chapter/10.1007/978-3-030-61010-4_15
https://link.springer.com/chapter/10.1007/978-3-030-61010-4_15
https://link.springer.com/chapter/10.1007/978-3-030-61010-4_15
https://link.springer.com/article/10.1007/s42729-023-01397-y
https://link.springer.com/article/10.1007/s42729-023-01397-y
https://link.springer.com/article/10.1007/s42729-023-01397-y
https://link.springer.com/article/10.1007/s44187-022-00009-5
https://link.springer.com/article/10.1007/s44187-022-00009-5
https://link.springer.com/article/10.1007/s44187-022-00009-5

	Title
	Abstract 
	Introduction
	The Phyllosphere: A Microbial Hotspot on Leaves and Stems
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1
	Table 2
	Figure 4
	Table 3
	Table 4
	Table 5

