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Abstract: The phyllosphere is associated with a diverse community of microorganisms. The association of
phyllosphere microbes and host plant affects the both health and function of plant. The phyllosphere supports a huge
diversity of microbes. Phyllospheric microbes mostly include bacteria and fungi, work as mutualists and promote the
plant growth and make them tolerant to various environmental stresses. They use the plant as habitat for their own
growth and reproduction. The little informations are known about the colonization of pathogenic and beneficial
bacteria in the phyllosphere across the whole plant life-cycle which limits our abilities to understand the role of
phyllospheric microbes in plant performance. The phyllosphere is actually the habitat of microbes provided by the
aboveground parts of plants. It supports a large and complex microbial community on global scale. This review covers
all information about the diversity, source, nature and composition of microbial life in phyllosphere.
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1. Introduction

The above-ground part of plants i.e. leaves, stems, buds, flowers and
fruits provide a habitat to microbial life. This habitat is called as
phyIIosphere.[”

present in phyllosphere but Bacteria are considered as the most
[2]

Although archaea, filamentous fungi and yeasts are

dominant and important microbial inhabitants of the phyllosphere.
These microbes are epiphytes i.e. found on the plant surface as well
as endophytes i.e. found within plant tissues. In case of rhizospheric
zone, the microbes play an important role in regulating soil organic
matter decomposition and nutrient cycling. The rhizospheric zone is a
major gateways for nutrients and water.”! The rhizospheric
microorganisms produce vitamins, plant hormones, antibiotics and
other communication molecules that enhance the plant growth and
alleviate abiotic stresses over the plant.m Moreover, for proper soil
management these are very important.[sl Other than Rhizosphere,
The phyllosphere also represents a niche with great environmental
and agricultural significance. Soil microbes are a dynamic component
of soil and performed many beneficial functions in the soil system.[sl
There are great evidences for interactions of phyllosphere microbial
inhabitants that affect the fitness of natural populations of plant and
also improve the quality and productivity of agricultural crops.
Phyllospheric bacteria have ability to promote the growth of plant.

These bacteria can suppress and stimulate the colonization and
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infection of tissues by plant pathogens. Similarly, phyllospheric
fungal that are endophytes of leaves can deter herbivores, protect
the plant against various pathogens and also make the plant tolerant
against the abiotic stress i.e. drought.

There are the great evidence for vital roles within the
phyllosphere microbial community which have given it the global
significance.m The best example of significance of phyllospheric
microbial communities is nitrogen fixation. The estimated rates of
bacterial nitrogen fixation in the phyllosphere can vary. The
measured rate of nitrogen fixation in the phyllosphere of trees in
some tropical habitats is over 60 kg N ha™."® The amounts of fixed
nitrogen is considerably lower in the phyllosphere of temperate trees
as compared to the tropical habitat. The process of nitrogen fixation
through bacteria has been reported in phyllosphere of many crop
plants.[gl Other than nitrogen fixation, Methanol degradation and
nitrification are the other environmentally important microbial
processes in the phyllosphere. However, the rate of these processes
in the phyllosphere remains to be demystified. Mostly culture-
dependant methods are used to judge the knowledge of the
structure and activities of phyllosphere microbial communities.
Information and data obtained from these -culture-dependant
methods relate only to culturable members of the phyllosphere
community.[w] It doesn't provide any information about the
unculturabled vast majority of microbes present in samples. The new
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insights into the complexity of phyllosphere microbial communities
are provided by the recent application of culture-independent
method based on characterizations of small subunit rRNA gene
sequence for microbial community analysis.[u]

Recent use of culture-independent method has changed our
understanding of the structure and diversity of phyllosphere
microbial communities. A variety of factors including plant, microbial
and other environmental factors control the establishment of
microbial communities in the phyIIosphere.m] The role of plants
genotypes played in selecting phyllosphere microbial communities
has been recognized. On the basis of plant genotype, the evidence
for the different factors that regulate the structure of phyllosphere

e 13
communities has been evaluated.™

2. Phyllosphere Microbial Life: The Diversity

Microbial communities residing in close contact with plants are
found in the rhizosphere and phyllosphere. In case of phyllosphere
some microbial communities are residing as epiphytes on the surface
and some are inside plants as endophytes.[“] The diverse microbial
communities are present in phyllosphere that are supporting
numerous genera of bacteria, yeasts, filamentous fungi, algae and in
some cases nematodes and protozoans are also present.[m From
phyllosphere microbial communities, Bacteria are the most diversed
and numerous microbes present in leaves with culturable counts of
rang between 102 to 1012 cells per gram of leaf. The Culture-based
studies demonstrated more than 78 bacterial species of 37 known
bacterial genera in sugar beet and 88 bacterial species representing
37 known bacterial genera in wheat over the whole of the growing
season.!*® Many of recent studies have revealed that the profiling of
phyllosphere microbial communities based on culture-dependent
methods is likely to be inaccurate and to underestimate diversity. In
the case of the phyllosphere, use of culture-independent method has
shown that although thinkings regarding to the most dominant
inhabitants are mostly correct, the diversity of phyllosphere
greater than that of previously
recognized.m] The 16S rDNA is directly cloned from leaf samples and

microbial communities s
it's analysis has demonstrated that proteobacteria is the most
dominant group of microbes found on leaves and confirm the data
that is obtained using culture-dependant methods. In a examinations
of bacterial communities of phyllosphere in a tropical brazillian
forest, about 97% of the bacterial sequences were from previously
undescribed species and data was obtained from the phyllosphere of
different plant species supporting from 95 to 671 bacterial species.us]
The extent of diversity occurs in other plant species is uncleared.
However, 5 of 17 bands cut from 16S rRNA denaturant gradient gel
electrophoresis gels have less than 90% similarity to database
entries."

It has been explored in in a study of a range of temperate
agricultural crop species. It suggests that in some situations
phyllospheres of crop plants can support large numbers of novel
bacteria.”” The large number of sequences investigated in the
culture-independent studies conducted to date has been limited, so
that only dominant members of the community are likely to have
been detected, and the true extent of phyllospheric bacterial
diversity that's why remains to be determined.”" Yeasts are the main
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epiphytic fungal group present in the phyllosphere with filamentous
fungi that are present as dormant spores rather than active mycelia.
The populations of culturable yeast can range between 10 and 1010
CFU g'1 leaf.” The diversity of culturable yeasts appears to be
mostly limited to three genera i.e. Cryptococcus, Sporobolomyces
and Rhodotorula. The total species number can reach over 40, with
large number species of each coexisting in the phyllosphere, along
with a lot of other genera that occur less frequently.m] The sizes of
population of Filamentous fungus can range between 102 and 108
CFU g’1 leaf. Usually, the most abundant considered fungi are
Cladosporium and Alternaria and found on leaves. "

The several other genera, including Penicillium, Acremonium,
Mucor and Aspergillus are also found. Filamentous fungi appear to
occur ubiquitously as endophytes. Using culture-dependant method,
more than 340 genetically different taxa can be obtained from
individuals of two tropical forest.”® There is the great evidence for
host preference within the endophyte community. Culture-
independent method is not still used to characterize fungal diversity
in the phyllosphere.

Culture-independent analysis represents a powerful way to
investigate the dynamics and distribution of specific bacterial groups
of interest by using phylogenetic specific primers.[26] In terminal
restriction fragment length polymorphism, we can get several
phylogentic groups or functional genes that are analysed at the same
time. T-RFLP provides an opportunity to improve throughput of
samples in a cost-effective manner.”” However, these methods
remain time-consuming and future developments depends upon high
throughput methods. Phylogenetic microarrays clearly provide a
method and allow the presence and amount of thousands of
microorganisms to determine at the same time and can also be used
to determine the novel members of the phylogenetic groups.m] In
the same way, arrays of functional gene provide a way to
characterize the activity of phyllosphere microbial community and
used with phylogenetic microarrays for linking the microbial
community structure to function in well manner. In order to
and diversity of
important to

determine and understand the structure
phyllopsheric microbial communities, it

understand the different environmental and biological factors. These

is very

factors control the dynamics and establishment of microbial

communities of phyIIosphere.[w]

3. Phyllosphere Microbial Life: The Source

The microbial sources on the phyllosphere are manifold. The
epiphytic yeasts, bacteria and filamentous fungi arrive on the leaf
surface through different sources that may be insect-borne,
atmosphere-borne, seed-borne or animal-borne. The most important
sources for the colonization of new plants are leaves, tree buds,
seeds of annual plants and the debris from previous crops. They are a
main source of bacteria present in the phyIIosphere.BO] The microbes
having no or limited multiplication in the phyllosphere are transient
epiphytes. Similarly, those microbes that have a capacity for
multiplication in the absence of wounds are considered as residual
epiphytes.[m The populations of microbes can change in size among
and within plant species over a short time periods. They also have
great variations on the bases growing season. Some of the epiphytic
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bacteria are present on leaves after the bud emergence seeds
formation.

They are subsequently increasing in the quantity. On the growing
season, bacteria are dominating and there is a general succession of
microbial populations on leaves.® It followed by yeasts and finally
filamentous fungi. The composition and concentration of
atmospheric microflora can vary in diurnally and seasonally. It can
also change in response to environmental events including rainfall
and high wind. It directly influences the immigration of microbes to
the phyllosphere.[33] The agricultural practices like harvesting and
cultivations also have a great influence on atmospheric microbiology
and colonization of nearby pIants.Ba] The impaction onto the leaf
surface, sedimentation or rain splash and contamination with soil can
also result in immigration of microbes to leaves from the
atmosphere. The microbes present on seeds and roots become
endophytic in the roots.® When they enter the vascular system,
they are transferred internally to the aerial parts of plants. Then they
establish as phyllosphere endophytes.BG] Endophytes also arise from
ingression into the internal leaf spaces. Then the colonization by
epiphytes occurs. It is suggested that epiphytes and endophytes are
part of the phyIIosphere.m] Micro-organisms present in phyllosphere
then become established and colonize in leaf to become a residual
epiphyte.BS]

The distribution pattern of microbes on leaves is not similar at all.
The epidermal cell wall junctions are the most common sites of
bacterial colonization. It is especially present in protected sites in
grooves along the veins, at stomata and at the base of trichomes.®”!
Their major sites of occurrence are under the cuticle, in the cuticle
depressions and near hydrathodes. They are also present in specific
sites that only occur on particular plants like pectate hairs in olive
and stomatal pits in oleander. Generally, the greater numbers of
bacteria are found on lower leaf surfaces than that of upper leaf
surfaces. It is possibly because the lower leaf surfaces have a greater
density of trichomes, stomata or a thinner layer of cuticule. The
distribution of bacterial populations in the phyllosphere differ in very
small scales almost as little as 0.1 mm2."% They can be often well-
described by a log normal distribution. The distribution of yeasts and
filamentous fungi is described by a normal distribution in good
manners. Mostly, the microorganisms occur as aggregates or biofilm-
like structures of bacteria, yeasts and filamentous fungi. Micro-
organisms are also present individually on the leaf surface.™™ All
micro-organisms present in the phyllosphere don't have ability to
colonize and grow. It reflects the processes of emigration through
dispersal mechanisms including rain splash, bounce-off, and wash-
off, removal by insects or water movement. The environmental,
physicochemical and genetic features of the plant determine the
ability microbes to survive and grow. The specific properties
exhibited by the phyllosphere microorganisms determine the
structure and diversity of the phyllospheric microbial community.
There are a number of areas that require more complete
understanding are related to the colonization of phyllosphere.[m
There are little researches to explore the transmission of microbes
from roots to aerial parts of plants and have been a neglected area of
research.
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4. Phyllosphere Microbial Life: The Nature and
Composition

Phyllosphere microbial communities have a diverse array of
microorganisms and are typically dominated by bacteria.
Phyllosphere bacterial communities are less species rich than that of
rhizosphere.[‘m The well represented bacteria on the leaf surface are
Alphaproteobacteria. These bacteria play vital ecological roles and
are metabolically diverse.* The recent surveys of phyllosphere
bacterial community composition also explore
Gammaproteobacteria.[45] The role of the Phyllosphere microbial
communities is determined on the base of various functions that are
performed by them. They play vital role in plant health and function
phyllosphere bacteria because the carry out methyltrophy,
nitrogenfixation, nitrification, or anoxygenic photosynthesis. The
next most dominant bacterial lineages in phyllosphere communities
are Bacteroidetes and Actinobacteria.”® These two phyla are also
well represented in the rhizosphere. Bacteroidetes that are present
in the phyllosphere are from the families of Cytophagaceae or
Chitinophagaceae. The members of these families are often aerobic
and pigmented. They are well adapted to the leaf surface.
Actinobacteria that are present in the phyllosphere includes
members that are plant pathogens, nitrogen-fixing symbionts, and
fungal antagonists and decomposers. But many of these roles have
not been demonstrated in the phyllospheric environment. The
Actinobacteria are used as afoliar-applied plant growth promoter.W]
The presence and distribution of archaea in the phyllosphere is less
common and they appear to contribute a minor to the microbial
community. Fungi community of phyllosphere is an important
component of the phyllosphere microbiota.”® The variety of
ecological roles are performed by fungal community. This fungal
community is composed of organisms with a wide range of
population sizes. It fluctuates in distinct seasonal trends based on the
growing season. Moulds of Ascomycota on the leaf surface before
senescence are often the dominant fungi in phyIIosphere.[AQ] Yeasts
belonging to the Ascomycota and Basidiomycota are other important
fungi. The fungal microbiome becomes dominated by filamentous
fungi. The vital role and distribution of other microbial eukaryotes
including protists on plant leaves is not still well examined.®”

The next-generation sequencing of community metagenomes
redundant

microbes show highly

conditions i.e.

throughout phyllosphere

functionality.[51] The environmental changing
temperature, low nutrients, humidity high UV etc. select the
consistent biological traits. Generally, in phyllosphere the metabolic
diversity exists primarily in the context of utilisable carbon
compounds.lsz] The presence of proteorhodopsin genes related to
anoxygenic photosynthesis is an adaptations that seem particularly
useful in the phyllosphere. But still more studies are needed to
explore this phenomenon. The predominant most important factor
that influences the composition of the phyllospheric microbial
community is plant species identity. There is a lot variability in
B3 The
variation in phyllospheric composition represents a combination of

leaf succession and age along with environmental variation and

microbiome composition within a single plant species.

changes in the microbial composition of the atmosphere.[54] Because

of these dramatic variations, the phyllospheric microbial
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communities differ significantly on the bases of seasonal time scales.
Whereas it is expected that the evergreen plants may show less
influence of leaf age. Spatial differences in the phyllosphere are less
studied in well manner in individual plant species. The extent to
which environmental gradients or dispersal limitation that determine
phyllospheric microbial composition is unclear.

5. Phyllosphere Microbial Life: The Leaf as Habitat

The surface of a leaf works ad home place for diverse bacterial
communities. The unique environment is perceived by every
individual cell these communities and then they respond accordingly.
The single-cell approaches are essential to investigate the behaviour
at scales relevant to bacteria.”® The important lessons are provided
by single-cell studies and it also describe how current omics
approaches fail to give an accurate description of the behaviour of
phyllosphere bacterial populations in heterogeneous environments.
Soon the power of single-cell and omics approaches will be combined
by upcoming techniques. There are a wide range of microorganisms
including fungi, bacteria and oomycetes. The phyllosphere, surface of
aboveground organs of plants, is a large microbial habitat.®”! The
phyllosphere is dominated by leaves i.e. a heterogeneous topography
at the micrometre scale.®™ It mostly consists of elevations including
epidermal cells and grooves between epidermal cells. Mostly,
stomata, trichomes, hydathodes and glandular trichomes intersperse
these two most abundant features. The presence, density and
distribution of which depends upon leaf side and plant species.
Therefore, many different microhabitats are offered by leave. The

dense population of microorganisms is founded on the leaf

surfaces.”

Bacteria are the most dominant group of microbes in the
phyllosphere community. In this habitat, these dense microbial
populations are given the microclimatic conditions. As the leaves are
light-harvesting organs and covered by a waxy cuticle layer, it
provides an environment in which epiphytes constantly need to cope
with low water, ultraviolet (UV) radiation exposure and high
temperature fluctuations during day time and also variations within a
single leaf. Therefore, epiphytes are admired for their ability to cope
with these combination of environmental stresses.”™ In the previous
decade, a comprehensive catalogues of microbial life of leaves of
different plant species was generated by in-depth sequencing
approaches. It is demonstrated that a diverse microbiota colonize the
phyllosphere which is specific to each plant species.[sll The leaf-
associated phyllospheric bacterial communities consist of recurring
taxa at higher phylogenetic ranks and the composition can differ at
the species level.

6. Phyllosphere Microbial Life: Adaptations to the
phyllosphere habitat

On the basis of phenotypic and genetic diversity, it is very difficult to
characterize the soil microbial communities.®? Other than plant and
environmental factors, the extent to which microbial colonists
explore the properties of phyllospheric microbes adoption is
determined by themselves and they also determine the extent to
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which they are able to establish phyllospheric microbial communities
on the leaf surface.”® some phyllospheric microbes, have inherent
ability to survive in the existing habitat and some are capable of
modifying the environment to reduce the levels ofstress they are
exposed to and that is why they are able to survive there. It is
determined by culture-independent analyses that the tolerance to
ultraviolet (UV) radiation is an important selection pressure for
growth and survival in a habitat. On the leaf surface, the most
isolated phyllospheric microbes are capable to withstand with high
UV radiation levels.’® Dark melanin-type pigments in fungi are play
an important role as a protective pigments. Similarly, the UV-B-
induced hyphal wall thickening also lowers the levels of the fungal
colony.[65] It is demonstrated that the most UV-B-tolerant bacterial
strains from the phyllosphere of peanut produce pink or orange
pigments. The multiple mechanisms of UV-B protectant are exhibited
by phyllosphere microbes. The key limiting factors for microbial
growth in the phyllosphere is the low level of water availability and
nutrients. These limitations are overcome by variety of mechanisms
given by epiphytes. Some surfactants that are released by some
epiphytic Pseudomonas app. enhance the wettability of leaf. It makes
the surfaces easier for phyllosphere microbes to use water and also
increase diffusion and solubilization of nutrients. Therefore, it
increases the substrate availability for epiphytic bacteria. It is
demonstrated that a number of phyllosphere bacteria show an
increase in permeability of the cuticle that enhance the water and
nutrient availability in the phyIIosphere.[66] The mechanism that
enhance nutrient availability also relate to the ability to produce
toxins and that affect ion transport across plant cell plasma
membranes.

Syringomycin is a toxin that is secreted by plant pathogen i.e.
Pseudomonas syringae pv. syringae ans eventually cause the cell

67 \Whereas the nonpathogenic epiphytic strains of P.syringae

lysis.
pv. syringae produce low levels of effect such that necrosis and
disease do not occur although release of plant nutrients is still
stimulated. Syringomycin that acts as a surfactant and it provides two
possible mechanisms to increase the availability nutrient in the
phyllospheric zone.'*® Similarly, another important and widespread
mechanism is the production and release of plant growth regulators.
The indole-3-acetic acid (IAA) is commonly produced among bacterial
epiphytes.[w] It is associated with increased nutrient leakage and
microbial fitness. It is demonstrated that the functional type-Il
secretion pathway in Pseudomonas fluorescens and Pseudomonas
putida provides the capacity for modification of the local habitat.®
It may also be needed for growth and survival in the phyllosphere.
For the bacterial attachment and colonization ofthe phyllosphere,
the production of pili and flagellae are also important. Another
important thing for phyllosphere colonization is the range of genes
and gene products and that are now being identified by using
molecular techniques. These molecular techniques provide further
insights into mechanisms involved in epiphytic growth.m]

As the distribution of bacterial on the leaf surface is not
uniformed, the aggregates of cells occur. These aggregates provide
the epiphytes having an ability to survive and colonize in the
phyllosphere and also modify the local environment.”? The bacteria
produce extracellular polysaccharides (EPS) and these EPS protect
the bacteria from water stress.[””! They are also helpful in anchorage
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of the cells to the leaf surface. These aggregates also protect from
predation, bacteriocides and UVR. They also moderate pH and gas
exchange and also enhance genetic exchange mainly via plasmid
transfer. Therefore, they show cell density-dependent behaviour. It is
mediated by accumulation of diffusible molecules like N-acyl
homoserine lactones via quorum sensing.[74] It also have a lot of
effects on microbial behaviour like EPS, antibiotic production,
pathogenicity traits. It is noted that if signalling controls the
functioning of aggregates, it might be possible in nearby future that
microbiologists can manipulate the microbial populations on the
phyllosphere if the molecular signals and receptors that are essential
for aggregate behaviour are identified.”™

7. Phyllosphere Microbial Life and Plant Genotype

The phyllospheric microbial populations have great variations in size
and composition. These variations are both spatially and temporally
on the same plant and differ between different plants as well as parts
of plants in the same place.[76] Even they can differ on the same plant
species in different places. These variations reflect from the
environmental conditions prevailing at a particular time and at a
particular place of sampling. Therefore, they influence the processes
of microbial emigration, immigration, growth and death. However,
the microbial population of phyllosphere also have a relevance to a
large extent with the phenotypic characteristics exhibited by the
plants that are ultimately controlled by their genetic make—up.m]

It is demonstrated that there are there are some important
factors that work as hot-spots of microbial growth on the leaf and
which is associated with specific sites. The genotype has an
important role in determining establishment and colonization of
microbial communities within plant species in the phyIIosphere.m] It
is also demonstrated that the relationship between genetic control of
plant phenotypic characteristics and their concomitant has great
effects on phyllospheric microbial populations other than its
potential importance.m] Mostly the culture dependent approaches is
used to investigate the effects of plant genotype on phyllosphere
microbial communities. In Different nine cotton cultivars, the
bacterial population sizes and structure differ. Similarly, pea 5
cultivars contain endophytic bacteria with one showing a higher level
of colonization than the others.®”

In one cultivar tomato out of four, in a gnotobiotic system,
supports some of the Pseudomonas sp. on the shoot exterior and
followed by bacterial application on the seed.®™ In different cultivars
of snap bean, the differences in ability to support populations of
Pseudomonas syringae pv. syringae is also found.® However, there
is no differences in occurrence of native, epiphytic mycoparasites of
three main coffee cultivars or clones of the same group.[83] Similarly,
there is also no differences between epiphytes on three cultivars of
apple[84] as well as in endophytes in three cultivars of wheat.®”! The
particularly valuable and important approach for elucidating
interactions between plant genotype and phyllosphere microbial
community structure is Culture-independent community profiling
approach.[86] It is indicated by several studies that various different
cultivars of the same species of plant have different phyllosphere
microbial populations. It is founded that the phyllospheric microbial
populations of bacteria is different in various cultivars of sweet
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pepper and tomato.®” As well as both epiphytes and endophytes
also differ in various varieties of potato.lg&gg]

Some of the microbial communities are more affected by plant
genotype than others. It is demonstrated that there are the great
variations in phyllosphere bacterial community structure of wheat
cultivars. Although there are no any specific differences in archaeal
communities.”” Similar studies has been made on lettuce cultivar
which demonstrates the colonization of leaves by Salmonella
enterica,[‘gl] with significant

Furthermore,

serovar—cultivar interactions

demonstrated. diversity of endophyte bacterial
populations varies between the three cultivars lettuce. It is suggested
from data that the degree to which S. enterica is able for endophytic
colonization of plants part which is determined by competitive
interactions with the natural community of endophyte bacteria. It is
shown from the culture-dependent analysis that genetic modification
of plant with an antibacterial peptide failed to have influence on
number or structure of phyllospheric bacterial or fungal populations.
Although magainin in case of potato tubers doesn't exhibit lower
total numbers of bacteria than then that of unmodified pIants.ml

The modification of potato has been made with a gene that
produces antibacterial T4-lysozyme or attacin / cecropin. In contrast,
it is shown that it induces greater difference in phyllosphere
microbial community structure and which is relative to variations
between three cultivars. The difference in field site and different
plant growth stage has greater influence on phyllosphere bacterial
community structure than that of cultivar or genetic modification.
The microbial communities having different genotypes have different
responses to environmental variables. It is demonstrated by the
various experiments that there are various alterations in endophyte
bacterial community structure chilling sweet pepper plants related
extent of the effect difference between various cultivars. It also
depends upon cultivar chilling tolerance.

It is shown in wheat cultivars that the response of phyllosphere
bacterial communities to UV-B radiation depended upon host
genotype. But it is not cleared that these variations reflect the direct
effects on phyllosphere bacterial community and indirect effects
associated with variations in the plant responses to UV-B.
Furthermore, the colonization and survival of microbial inoculants
are greatly influenced by plant genotype in the phyIIosphere.[%] The
plant growth promoting Azospirillum inoculant's survival differs in
the phyllosphere of tomato genotypes. The response of the
phyllospheric bacterial community to inoculation changes between
different genotypes. There is limited data on plant genotypic
diversity relationships in case of fungi. Although, it has been
demonstrated by various studies that differences in the nature of
endophytes are associated with contrasting host genotypes. The
distinct phyllospheric communities of endophytes are associated
with various Populus hybrids.[94]

Although for the determination of structure of phyllosphere
microbial communities, the plant genotype works an important
factor and the mechanisms for controlling these interactions remain
to be explained. The potential for examining plant genotype—
phyllosphere microbiology interactions is shown by various plant
science resources. The mapping populations[%] have a great potential
to identify plant genes that is controlling leaf microbiology in
particular recombinant inbred.

Green Rep., 2021, 2(4), 1-8. 5



Rehman et al.,

Green Reports

8. PhyIIosphere Microbial Life: The Future 8 Cleveland C.C.; Townsend A.R.; Schimel D.S.; Fisher H.; Howarth R.W.;
Hedin L.O.; Perakis S.S.; Latty E.F.; Von Fischer J.C.; Elseroad A.;

Directions Wasson M.F. Global Patterns of Terrestrial Biological Nitrogen (N2)
Fixation in Natural Ecosystems. Global Biogeochem. Cycles, 1999, 13,

The culture-independent molecular analysis of phyllosphere 623-645. [CrossRef]

microbial populations is still in progress. The recent studies has made 9 Nandi AsS.; Sen S.P. Utility of some N|trogen-F|?(|ng Microorganisms in
the Phyllosphere of Crop Plants. Plant Soil, 1981, 63, 465-476.

it cleared that the actual phyllosphere microbiology is more complex [CrossRef]

than that of previously understood. Although a lot of studies and 10 Kozdroj J.; van Elsas J.D. Structural Diversity of Microorganisms in

progress based on these studies has been made in order to explain Chemically Perturbed Soil Assessed by Molecular and Cytochemical

L . . . . Approaches. J. Microbiol. Methods, 43, 197-212. [CrossRef]

the structure and distribution of phyllospheric  microbial 11 Ellis R.J.; Morgan P.; Weightman A.J.; Fry J.C. Cultivation-Dependent

communities. There is very little knowing about the functional and-Independent Approaches for Determining Bacterial Diversity in

consequences of the phyllospheric microbial communities and their ;i;;;y;;/l;gca{lfokr]\taminated Soil. Appl. Environ Microbiol., 2003, 69,

" . . R - . [Lin

compositions that are vital for favouring the individual plants. Its 12 Finkel O.M.; Burch A.Y.; Lindow S.E.; Post A.F.; Belkin S. Geographical

knowing is also very important for the quality and microbiological Location Determines the Population Structure in Phyllosphere

safety of fresh produce and various environmental processes. Microbial Communities of a Salt-Excreting Desert Tree. Appl. Environ.

Microbial communities get access to phyllosphere by atmospheric Microbiol., 2011, 77, 7647-7655. [Link]

L . . 13 Perazzolli M.; Antonielli L.; Storari M.; Puopolo G.; Pancher M.;
deposition from plant and soil sources. They can also colonize plants Giovannini 0. Pindo M. Pertot I. Resilience of the Natural
via roots and then become transported to aerial plant parts. The vital Phyllosphere Microbiota of the Grapevine to Chemical and Biological
relative importance of these mechanisms remains to be determined. Pesticides. Appl. Environ. Microbiol., 2014, 80, 3585-3596. [Link]

14 Santamaria J.; Bayman P. Fungal Epiphytes and Endophytes of Coffee
Leaves (Coffea arabica). Microb. Ecol., 2005, 50, 1-8. [CrossRef]
. 15 Hong M.; Peng G.; Keyhani N.O.; Xia Y. Application of the

9. Conclusions Entomogenous Fungus, Metarhizium Anisopliae, for Leafroller

(Cnaphalocrocis Medinalis) Control and its Effect on Rice Phyllosphere

The phyllospheric microbial colonization and establishment has been Microbial Diversity. Appl. Microbiol. Biotechnol., 2017, 101, 6793-

recognized and to be the result of interplay between plant, 6807. [CrossRef]

environmental variations and the physiological characteristics of 16 Miller E.R;; Kearns P.J.; Niccum B.A.; Schwartz J.O.M.; Omnstein A.;

. . . . Wolfe B.E. Establishment Limitation Constrains the Abundance of
microbial communities. The contrasting genotypes can support Lactic Acid Bacteria in the Napa Cabbage Phyllosphere. Appl. Environ.
different microbial communities within plant species. These Microbiol., 2019, 85. [Link]

understanding provide an opportunity to understand the molecular ~ 17 Yang C.H.; Crowley D.E; Borneman J; Keen N.T. Microbial

. . . . Phyllosphere Populations are More Complex than Previously
mechanisms. Through these mechanisms the plants control microbial Realized. Proc. Natl. Acad. Sci., 2001, 98, 3889-3894. [CrossRef]
populations in the phyllosphere. Various methods are provided by 18 Carro L.; Nouioui I. Taxonomy and Systematics of Plant Probiotic
these studies to manipulate phyllosphere microbial communities Bacteria in the Genomic Era. AIMS Microbiol., 2017, 3, 383. [CrossRef]

. " " . 19 Midihling M.; Woolven-Allen J.; Murrell J.C.; Joint I. Improved Group-

through plant genotype. It provides the exciting opportunities in Specific PCR Primers for Denaturing Gradient Gel Electrophoresis

order to manage applied aspects of phyllosphere microbiology. Analysis of the Genetic Diversity of Complex Microbial
Communities. The ISME J., 2008, 2, 379-392. [CrossRef]

20 Lindow S.E.; Leveau J.H. Phyllosphere Microbiology. Curr. Opin.

Conflicts of Interest Biotechnol., 2002, 13, 238-243. [CrossRef]

21 Delmotte N.; Knief C.; Chaffron S.; Innerebner G.; Roschitzki B.;

The authors declare no conflict of interest. Schlapbach R.; von Mering C.; Vorholt J.A. Community

Proteogenomics Reveals Insights into the Physiology of Phyllosphere
Bacteria. Proc. Natl. Acad. Sci., 2009, 106, 16428-16433. [CrossRef]
22 Hallmann J.; Berg G. Spectrum and Population Dynamics of Bacterial

References Root Endophytes. Microbial Root Endophytes. Springer, Berlin,

) ) . Heidelberg, 2006, 15-31. [CrossRef]

1 Llnd'ow S'E'; Bl.‘andl M.T. Microbiology (?f the Phyllosphere. Appl. 23 Vorholt J.A. Microbial Life in the Phyllosphere. Nat. Rev.
Environ. Microbiol., 2003, 69, 1875-1883. [Link] o Microbiol., 2012, 10, 828-840. [CrossRef]

2 Whlpps J.;‘Hand P.; Pink D.; B(.andm-g G.D. Phyllosphere Microbiology 24 Norse D. Fungal Populations of Tobacco Leaves and their Effect on the
W',th S|:.)eC|aI Reference to Diversity and Plant Genotype.J. Appl. Growth of Alternaria Longipes. Trans. Br. Mycol. Soc., 1972, 59, 261-
Microbiol., 2008, 105, 1744-1755. [CrossRef] 271. [CrossRef]

3 wur Rehman F.; Kalsoom M’ Nasir T.A.; A(-jnan M’ Anvyar S.; Zahra A. 25 Kozdroj J.; van Elsas J.D. Structural Diversity of Microorganisms in
Chfamlstry of PIant—Mlcrob.e I.nteractlons in  Rhizosphere and Chemically Perturbed Soil Assessed by Molecular and Cytochemical
Rhizoplane. Ind. J. Pure App. B’?SC"’ 2020, 8{ 11-15. [quFttef] Approaches. J. Microbiol. Methods, 2001, 43, 197-212. [CrossRef]

4 K.alsoo.m M'_; Rehman F.; Shaflque T Jupald S'.Kha“d N.; Adnan M. 26 Dickie I.A.; FitzJohn R.G. Using Terminal Restriction Fragment Length
Biological |‘mportance of ml.crobes n Agrllcultur‘e, Food and Polymorphism (T-RFLP) to Identify Mycorrhizal Fungi: A Methods
Pharmaceutical Industry: A Review. Innove. J. Life Sci., 2020, 8, 1-4. Review. Mycorrhiza, 2007, 17, 259-270. [CrossRef]

[CrossRef] . . . 27 Rajili¢-Stojanovi¢ M.; Heilig H.G.; Molenaar D.; Kajander K.; Surakka

5 Kunkel B.N.; H‘arper C.P. The Roles of Auxm during Interactions A.; Smidt H.; De Vos W.M. Development and Application of the
between Bacterial Plant Pathogens and their Hosts. J. Exp. Bot., 2018, Human Intestinal Tract Chip, A Phylogenetic Microarray: Analysis of
69, 245-254. [CrossRef] o . . . Universally Conserved Phylotypes in the Abundant Microbiota of

6 Toor M.D.; Adnan M. Role of Soil Microbes in Agriculture: A Review. Young and Elderly Adults. Environ. Microbiol., 2009, 11, 1736-1751.
Open Access J. Biogeneric Sci. Res., 2020, 3, 1 -5 [Link] [CrossRef]

7 Qin C; Tao J; Liu T.; Liu Y';_ X‘a‘? N Li T GuY.; Yin H; M.eng. D. 28 Sessitsch A.; Hackl E.; Wenzl P.; Kilian A.; Kostic T.; Stralis-Pavese N.;
Responses Qf Phyllosp'here Microbiota and Plant Health to Application sandjong B.T.; Bodrossy L. Diagnostic Microbial Microarrays in Soil
of Two Different Biocontrol Agents. AMB Express, 2019, 9, 42. Ecology. New Phytol., 2006, 171, 719-736. [CrossRef]

[CrossRef]
/‘AN‘\ Ariviyal Green Rep., 2021, 2(4), 1-8. 6
. PUDiShING


https://aem.asm.org/content/69/4/1875.short
https://doi.org/10.1111/j.1365-2672.2008.03906.x
http://dx.doi.org/10.18782/2582-2845.8350
https://doi.org/10.22159/ijls.2020.v8i6.39845
https://doi.org/10.1093/jxb/erx447
https://biogenericpublishers.com/pdf/JBGSR.MS.ID.00091.pdf
https://doi.org/10.1186/s13568-019-0765-x
https://doi.org/10.1029/1999GB900014
https://doi.org/10.1007/BF02370046
https://doi.org/10.1016/S0167-7012(00)00197-4
https://aem.asm.org/content/69/6/3223.short
https://aem.asm.org/content/77/21/7647.short
https://aem.asm.org/content/80/12/3585.short
https://doi.org/10.1007/s00248-004-0002-1
https://doi.org/10.1007/s00253-017-8390-6
https://aem.asm.org/content/85/13/e00269-19.abstract
https://doi.org/10.1073/pnas.051633898
https://dx.doi.org/10.3934%2Fmicrobiol.2017.3.383
https://doi.org/10.1038/ismej.2007.97
https://doi.org/10.1016/S0958-1669(02)00313-0
https://doi.org/10.1073/pnas.0905240106
https://doi.org/10.1007/3-540-33526-9_2
https://doi.org/10.1038/nrmicro2910
https://doi.org/10.1016/S0007-1536(72)80011-1
https://doi.org/10.1016/S0167-7012(00)00197-4
https://doi.org/10.1007/s00572-007-0129-2
https://doi.org/10.1111/j.1462-2920.2009.01900.x
https://doi.org/10.1111/j.1469-8137.2006.01824.x

Rehman et al.,

Green Reports

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

A Ariviyal

Gomes T.; Pereira J.A.; Benhadi J.; Lino-Neto T.; Baptista P. Endophytic
and Epiphytic Phyllosphere Fungal Communities are Shaped by
Different Environmental Factors in a Mediterranean
Ecosystem. Microb. Ecol., 2018, 76, 668-679. [CrossRef]

Redford A.J.; Bowers R.M.; Knight R.; Linhart Y.; Fierer N. The Ecology
of the Phyllosphere: Geographic and Phylogenetic Variability in the
Distribution of Bacteria on Tree Leaves. Environ. Microbiol., 2010, 12,
2885-2893. [CrossRef]

Chikere C.B.; Azubuike C.C. Microbial Composition of Guava (Psidium
guajava), hibiscus (Hibiscus-rosa sinensis), Mango (Mangifera indica)
and Pumpkin (Telfairia occidentalis Hook) Phyllosphere. Afr. J.
Biotechnol., 2014, 13. [CrossRef]

Redford A.J.; Fierer N. Bacterial Succession on the Leaf Surface: A
Novel System for Studying Successional Dynamics. Microb.
Ecol., 2009, 58, 189-198. [CrossRef]

Liu H.; Brettell L.E.; Singh B. Linking the Phyllosphere Microbiome to
Plant Health. Trends Plant Sci., 2020, 25, 841-844. [CrossRef]

Edwards J.; Johnson C.; Santos-Medellin C.; Lurie E.; Podishetty N.K.;
Bhatnagar S.; Eisen J.A.; Sundaresan V. Structure, Variation, and
Assembly of the Root-Associated Microbiomes of Rice. Proc. Natl.
Acad. Sci., 2015, 112, E911-E920. [CrossRef]

Bacilio-Jiménez M.; Aguilar-Flores S.; del Valle M.V.; Pérez A.; Zepeda
A.; Zenteno E. Endophytic Bacteria in Rice Seeds Inhibit Early
Colonization of Roots by Azospirillum brasilense. Soil  Biol.
Biochem., 2001, 33, 167-172. [CrossRef]

Osono T. Endophytic and Epiphytic Phyllosphere Fungi of Camellia
Japonica: Seasonal and Leaf Age-Dependent
Variations. Mycologia, 2008, 100, 387-391. [CrossRef]

Mercier J.; Lindow S.E. Role of Leaf Surface Sugars in Colonization of
Plants by Bacterial Epiphytes. Appl. Environ. Microbiol., 2000, 66, 369-
374. [Link]

Andrews J.H.; Kenerley C.M. The Effects of a Pesticide Program on
Non-Target Epiphytic Microbial Populations of Apple Leaves. Can. J.
Microbiol., 1978, 24, 1058-1072. [CrossRef]

Baldotto L.E.B.; Olivares F.L. Phylloepiphytic Interaction between
Bacteria and Different Plant Species in a Tropical Agricultural
System. Can. J. Microbiol., 2008, 54, 918-931. [CrossRef]

Wemheuer F.; Wemheuer B.; Daniel R.; Vidal S. Deciphering Bacterial
and Fungal Endophyte Communities in Leaves of Two Maple Trees
With Green Islands. Sci. rep., 2019, 9, 1-14. [CrossRef]

Esser D.S. Scales of Bacterial Interactions on the Leaf Surface (Doctoral
dissertation, Georg-August-Universitdt Gottingen), 2015. [Link]

Collins D.P.; Jacobsen B.J.; Maxwell B. Spatial and Temporal
Population Dynamics of a Phyllosphere Colonizing Bacillus Subtilis
Biological Control Agent of Sugar Beet Cercospora Leaf
Spot. Biological control, 2003, 26, 224-232. [CrossRef]

Allard S.M.; Walsh C.S.; Wallis A.E.; Ottesen A.R.; Brown E.W.; Micallef
S.A. Solanum Lycopersicum (Tomato) Hosts Robust Phyllosphere and
Rhizosphere Bacterial Communities when Grown in Soil Amended
with  Various Organic and Synthetic Fertilizers. Sci.  Total
Environ., 2016, 573, 555-563. [CrossRef]

Quaiser A.; Ochsenreiter T.; Lanz C.; Schuster S.C.; Treusch A.H.; Eck J.;
Schleper C. Acidobacteria form a Coherent but Highly Diverse Group
within the Bacterial Domain: Evidence from Environmental
Genomics. Mol. Microbiol., 2003, 50, 563-575. [CrossRef]
Laforest-Lapointe I.; Messier C.; Kembel S.W. Tree Phyllosphere
Bacterial Communities: Exploring the Magnitude of Intra-and Inter-
Individual Variation among Host Species. PeerJ, 2016, 4, e2367.
[CrossRef]

Jackson C.R.; Randolph K.C.; Osborn S.L.; Tyler H.L. Culture Dependent
and Independent Analysis of Bacterial Communities Associated With
Commercial Salad Leaf Vegetables. BMC Microbiol., 2013, 13, 274.
[CrossRef]

Numan M.; Bashir S.; Khan Y.; Mumtaz R.; Shinwari Z.K.; Khan A.L,;
Khan A.; Ahmed A.H. Plant Growth Promoting Bacteria as an
Alternative Strategy for Salt Tolerance in Plants: A Review. Microbiol.
Res., 2018, 209, 21-32. [CrossRef]

Rastogi G.; Coaker G.L.; Leveau J.H. New Insights into the Structure

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

Stone B.W.; Weingarten E.A.; Jackson C.R. The Role of the
Phyllosphere Microbiome in Plant Health and Function. Annu. Plant
Rev. online, 2018, 1, 533-556. [CrossRef]

Seppey C.V.; Singer D.; Dumack K.; Fournier B.; Belbahri L.; Mitchell
E.A.; Lara E. Distribution Patterns of Soil Microbial Eukaryotes
Suggests Widespread Algivory by Phagotrophic Protists as an
Alternative Pathway for Nutrient Cycling. Soil Biol. Biochem., 2017,
112, 68-76. [CrossRef]

Beilsmith K.; Thoen M.P.; Brachi B.; Gloss A.D.; Khan M.H.; Bergelson
J. Genome-Wide Association Studies on the Phyllosphere Microbiome:
Embracing Complexity in Host—Microbe Interactions. Plant J., 2019,
97, 164-181. [CrossRef]

Begashaw L. Utilisation of rhizosphere microflora in the biocontrol of
root rot and growth enhancement of lettuce under hydroponic
systems (Doctoral dissertation, University of Pretoria), 2006. [Link]
Hunter P.J.; Hand P.; Pink D.; Whipps J.M.; Bending G.D. Both Leaf
Properties and Microbe-Microbe Interactions Influence Within-
Species Variation in Bacterial Population Diversity and Structure in the
Lettuce (Lactuca Species) Phyllosphere. Appl. Environ. Microbiol., 76,
8117-8125. [Link]

Finkel O.M.; Burch A.Y.; Elad T.; Huse S.M.; Lindow S.E.; Post A.F.;
Belkin S. Distance-decay relationships partially determine diversity
patterns of phyllosphere bacteria on Tamrix trees across the Sonoran
Desert. Appl. Environ. Microbiol., 2012, 78, 6187-6193. [Link]
Remus-Emsermann M.N.; Schlechter R.O. Phyllosphere Microbiology:
At the Interface between Microbial Individuals and the Plant
Host. New Phytologist, 2018, 218, 1327-1333. [CrossRef]

Vacher C.; Hampe A.; Porté A.J.; Sauer U.; Compant S.; Morris C.E. The
phyllosphere: microbial jungle at the plant—climate interface. Annual
review of ecology, evolution, and systematics, 2016, 47, 1-24. [Link]
Bringel F.; Couée I. Pivotal Roles of Phyllosphere Microorganisms at
the Interface between Plant Functioning and Atmospheric Trace Gas
Dynamics. Front. Microbiol., 2015, 6, 486. [CrossRef]

Kembel S.W.; O’Connor T.K.; Arnold H.K.; Hubbell S.P.; Wright S.J.;
Green J.L. Relationships between Phyllosphere Bacterial Communities
and Plant Functional Traits in a Neotropical Forest. Proc. Natl. Acad.
Sci., 2014, 111, 13715-13720. [CrossRef]

Beattie G.A.; Lindow S.E. Bacterial Colonization of Leaves: A Spectrum
of Strategies. Phytopathology, 1999, 89, 353-359. [CrossRef]
Carlstrém C.1.; Field C.M.; Bortfeld-Miller M.; Miller B.; Sunagawa S.;
Vorholt J.A. Synthetic Microbiota Reveal Priority Effects and Keystone
Strains in the Arabidopsis Phyllosphere. Nat. Ecol. Evol., 2019, 3, 1445-
1454, [CrossRef]

Laforest-Lapointe I.; Messier C.; Kembel S.W. Host Species Identity,
Site and Time Drive Temperate Tree Phyllosphere Bacterial
Community Structure. Microbiome, 2016, 4, 27. [CrossRef]

Ruinen J. The phyllosphere: I. An Ecologically Neglected Milieu. Plant
and soil, 1961, 81-109. [Link]

Maignien L.; DeForce E.A.; Chafee M.E.; Eren A.M.; Simmons S.L.
Ecological Succession and Stochastic Variation in the Assembly of
Arabidopsis Thaliana Phyllosphere Communities. MBio, 2014, 5. [Link]
Rehman F.; Kalsoom M.; Adnan M.; Toor M.D.; Zulfigar A. Plant
Growth Promoting Rhizobacteria and their Mechanisms Involved in
Agricultural Crop Production: A Review. SunText Rev. Biotechnol.,
2020, 1, 110. [Link]

Paulino-Lima I.G.; Azua-Bustos A.; Vicuia R.; Gonzélez-Silva C.; Salas
L.; Teixeira L.; Rosado A.; da Costa Leitao A.A.; Lage C. Isolation of
UVC-Tolerant Bacteria from the Hyperarid Atacama Desert,
Chile. Microb. Ecol., 2013, 65, 325-335. [CrossRef]

van der Wal A.; Leveau J.H. Modelling Sugar Diffusion Across Plant
Leaf Cuticles: The Effect of Free Water on Substrate Availability to
Phyllosphere Bacteria. Environ.  Microbiol., 2011, 13, 792-797.
[CrossRef]

Scholz-Schroeder B.K.; Hutchison M.L.; Grgurina |.; Gross D.C. The
Contribution of Syringopeptin and Syringomycin to Virulence of
Pseudomonas syringae pv. syringae Strain B301D on the Basis of sypA
and syrBl Biosynthesis Mutant Analysis. Mol. Plant-Microbe
Interact., 2001, 14, 336-348. [CrossRef]

and Function of Phyllosphere Microbiota through High-Throughput 68 Serra M.D.; Fagiuoli G.; Nordera P.; Bernhart |.; Volpe C.D.; Di Giorgio
Molecular Approaches. FEMS Microbiol. Lett., 2013, 348, 1-10. D.; Ballio A.; Menestrina G. The Interaction of Lipodepsipeptide Toxins
[CrossRef] from Pseudomonas syringae pv. syringae with Biological and Model
Membranes: A Comparison Of Syringotoxin, Syringomycin, and Two

Green Rep., 2021, 2(4), 1-8. 7

Publishing


https://doi.org/10.1007/s00248-018-1161-9
https://doi.org/10.1111/j.1462-2920.2010.02258.x
https://doi.org/10.5897/AJB2014.13657
https://doi.org/10.1007/s00248-009-9495-y
https://doi.org/10.1016/j.tplants.2020.06.003
https://doi.org/10.1073/pnas.1414592112
https://doi.org/10.1016/S0038-0717(00)00126-7
https://doi.org/10.3852/07-110R1
https://aem.asm.org/content/66/1/369.short
https://doi.org/10.1139/m78-175
https://doi.org/10.1139/W08-087
https://doi.org/10.1038/s41598-019-50540-2
https://d-nb.info/1123803242/34
https://doi.org/10.1016/S1049-9644(02)00146-9
https://doi.org/10.1016/j.scitotenv.2016.08.157
https://doi.org/10.1046/j.1365-2958.2003.03707.x
https://doi.org/10.7717/peerj.2367
https://doi.org/10.1186/1471-2180-13-274
https://doi.org/10.1016/j.micres.2018.02.003
https://doi.org/10.1111/1574-6968.12225
https://doi.org/10.1002/9781119312994.apr0614
https://doi.org/10.1016/j.soilbio.2017.05.002
https://doi.org/10.1111/tpj.14170
http://hdl.handle.net/2263/24478
https://aem.asm.org/content/76/24/8117.short
https://aem.asm.org/content/78/17/6187.short
https://doi.org/10.1111/nph.15054
https://www.annualreviews.org/doi/abs/10.1146/annurev-ecolsys-121415-032238
https://doi.org/10.3389/fmicb.2015.00486
https://doi.org/10.1073/pnas.1216057111
https://doi.org/10.1094/PHYTO.1999.89.5.353
https://doi.org/10.1038/s41559-019-0994-z
https://doi.org/10.1186/s40168-016-0174-1
https://www.jstor.org/stable/42931928?seq=1
https://mbio.asm.org/content/5/1/e00682-13.short
https://www.researchgate.net/profile/Fazal_Ur_Rehman5/publication/345754969_Plant_growth_promoting_rhizobacteria_and_their_mechanisms_involved_in_agricultural_crop_production_A_review/links/5fac9439299bf18c5b69fb23/Plant-growth-promoting-rhizobacteria-and-their-mechanisms-involved-in-agricultural-crop-production-A-review.pdf
https://doi.org/10.1007/s00248-012-0121-z
https://doi.org/10.1111/j.1462-2920.2010.02382.x

Rehman et al.,

Green Reports

69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

A Ariviyal

Syringopeptins. Mol. Plant-microbe 12, 391-400.
[CrossRef]

Manulis S.; Haviv-Chesner A.; Brandl M.T.; Lindow S.E.; Barash I.
Differential Involvement of Indole-3-Acetic Acid Biosynthetic
Pathways in Pathogenicity And Epiphytic Fitness of Erwinia Herbicola
pv. Gypsophilae. Mol. Plant-Microbe Interact., 1998, 11, 634-642.
[CrossRef]

Gjermansen M.; Ragas P.; Sternberg C.; Molin S.; Tolker-Nielsen T.
Characterization of Starvation-Induced Dispersion in Pseudomonas
Putida Biofilms. Environ. Microbiol., 2005, 7, 894-904. [CrossRef]
Rastogi G.; Sbodio A.; Tech J.J.; Suslow T.V.; Coaker G.L.; Leveau J.H.
Leaf Microbiota in an Agroecosystem: Spatiotemporal Variation In
Bacterial Community Composition on Field-Grown Lettuce. ISME J.,

2012, 6, 1812-1822. [CrossRef]

Interact., 1999,

Knief C.; Ramette A.; Frances L.; Alonso-Blanco C.; Vorholt J.A. Site
and Plant Species are Important Determinants of the
Methylobacterium  Community ~ Composition in the Plant

Phyllosphere. The ISME J., 2010, 4, 719-728. [CrossRef]

Vu B.; Chen M.; Crawford R.J.; lvanova E.P. Bacterial Extracellular
Polysaccharides Involved in Biofilm Formation. Molecules, 2009, 14,
2535-2554. [CrossRef]

Winson M.K.; Swift S.; Fish L.; Throup J.P.; Jgrgensen F.; Chhabra S.R.;
Bycroft B.W.; Williams P.; Stewart G.S. Construction and Analysis of
luxCDABE-based Plasmid Sensors for Investigating N-acyl Homoserine
Lactone-Mediated Quorum Sensing. FEMS Microbiol. Lett., 1998, 163,
185-192. [CrossRef]

Gilroy S.; Trewavas A. Signal Processing and Transduction in Plant
Cells: The End of the Beginning? Nat. Rev. Mol. Cell Biol., 2001, 2, 307-
314. [CrossRef]

Meyer K.M.; Leveau J.H. Microbiology of the Phyllosphere: A
Playground for Testing Ecological Concepts. Oecologia, 2012, 168,
621-629. [Link]

Bodenhausen N.; Bortfeld-Miller M.; Ackermann M.; Vorholt J.A. A
Synthetic Community Approach Reveals Plant Genotypes Affecting the
Phyllosphere Microbiota. PLoS Genet, 2014, 10, e1004283. [CrossRef]
Sapkota R.; Knorr K.; Jgrgensen L.N.; O'Hanlon K.A.; Nicolaisen M.

Host Genotype is an Important Determinant of the Cereal
Phyllosphere Mycobiome. New Phytol., 2015, 207, 1134-1144.
[CrossRef]

Singh P.; Santoni S.; This P.; Péros J.P. Genotype-Environment
Interaction Shapes the Microbial Assemblage in Grapevine’s
Phyllosphere and Carposphere: An NGS

Approach. Microorganisms, 2018, 6, 96. [CrossRef]

Elvira-Recuenco M.; Van Vuurde J.W.L. Natural Incidence of
Endophytic Bacteria in Pea Cultivars under Field Conditions. Can. J.
Microbiol., 2000, 46, 1036-1041. [CrossRef]

Pillay V.K.; Nowak J. Inoculum Density, Temperature, and Genotype
Effects on in Vitro Growth Promotion and Epiphytic and Endophytic
Colonization of Tomato (Lycopersicon esculentum L.) Seedlings
Inoculated with a Pseudomonad Bacterium. Can. J. Microbiol., 1997,
43, 354-361. [CrossRef]

Feil H.; Feil W.S.; Chain P.; Larimer F.; DiBartolo G.; Copeland A.;
Lykidis A.; Trong S.; Nolan M.; Goltsman E.; Thiel J. Comparison of the
Complete Genome Sequences of Pseudomonas syringae pv. syringae
B728a and pv. Tomato DC3000. Proc. Natl. Acad. Sci., 2005, 102,
11064-11069. [CrossRef]

ten HOOPEN G.M.; Rees R.; Aisa P.; Stirrup T.; Krauss U. Population
Dynamics of Epiphytic Mycoparasites of the Genera Clonostachys and
Fusarium for the Biocontrol of Black Pod (Phytophthora palmivora)
and Moniliasis (Moniliophthora roreri) on Cocoa (Theobroma
cacao). Mycol. Res., 2003, 107, 587-596. [CrossRef]

Johnson K.B.; Stockwell V.O.; Sawyer T.L.; Sugar D. Assessment of
Environmental Factors Influencing Growth and Spread of Pantoea
agglomerans on and Among Blossoms of Pear and
Apple. Phytopathology, 2000, 90, 1285-1294. [CrossRef]

Larran S.; Perello A.; Simon M.R.; Moreno V. Isolation and Analysis of
Endophytic Microorganisms in Wheat (Triticum aestivum L.)
Leaves. World J. Microbiol. Biotechnol., 2002, 18, 683-686. [CrossRef]

(0. @

86

87

88

89

90

91

93

94

95

Busby P.E.; Soman C.; Wagner M.R.; Friesen M.L.; Kremer J.; Bennett
A.; Morsy M.; Eisen J.A.; Leach J.E.; Dangl J.L. Research Priorities for
Harnessing Plant Microbiomes in Sustainable Agriculture. PLoS
Biol., 2017, 15, e2001793. [CrossRef]

Kim M.; Singh D.; Lai-Hoe A.; Go R.; Rahim R.A.; Ainuddin A.N.; Chun
J.; Adams J.M. Distinctive Phyllosphere Bacterial Communities in
Tropical Trees. Microb. Ecol., 2012, 63, 674-681. [CrossRef]

Van Overbeek L.; Van Elsas J.D. Effects of Plant Genotype and Growth
Stage on the Structure of Bacterial Communities Associated with
Potato (Solanum tuberosum L.). FEMS Microbiol. Ecol., 2008, 64, 283-
296. [CrossRef]

Manter D.K.; Delgado J.A.; Holm D.G.; Stong R.A. Pyrosequencing
Reveals a Highly Diverse and Cultivar-Specific Bacterial Endophyte
Community in Potato Roots. Microb. Ecol.,2010, 60, 157-166.
[CrossRef]

Stapleton A.E.; Simmons S.J. Plant Control of Phyllosphere Diversity:
Genotype Interactions with Ultraviolet-B Radiation. Microbial Ecology
of the Aerial Plant Surface, 2006, 223-238. [Link]

Klerks M.M.; Franz E.; van Gent-Pelzer M.; Zijlstra C.; Van Bruggen
A.H. Differential Interaction of Salmonella enterica serovars with
Lettuce Cultivars and Plant-Microbe Factors Influencing the
Colonization Efficiency. The ISME J., 2007, 1, 620-631. [CrossRef]
O’Callaghan M.; Gerard E.M.; Waipara N.W.; Young S.D.; Glare T.R.;
Barrell P.J.; Conner A.J. Microbial Communities of Solanum tuberosum
and Magainin-Producing Transgenic Lines. Plant soil, 2005, 266, 47-56.
[CrossRef]

Thapa S.; Prasanna R.; Ranjan K.; Velmourougane K.; Ramakrishnan B.
Nutrients and Host Attributes Modulate the Abundance and
Functional Traits of Phyllosphere Microbiome in Rice. Microbiol.
Res., 2017, 204, 55-64. [CrossRef]

Ulrich K.; Ulrich A.; Ewald D. Diversity of Endophytic Bacterial
Communities in Poplar Grown Under Field Conditions. FEMS
Microbiol. Ecol., 2008, 63, 169-180. [CrossRef]

Asins M.J. Present and Future of Quantitative Trait Locus Analysis in
Plant Breeding. Plant Breed., 2002, 121, 281-291. [CrossRef]

© 2021, by the authors. Licensee Ariviyal Publishing, India. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/).

Publishing

Green Rep., 2021, 2(4), 1-8. 8


https://doi.org/10.1094/MPMI.1999.12.5.391
https://doi.org/10.1094/MPMI.1998.11.7.634
https://doi.org/10.1111/j.1462-2920.2005.00775.x
https://doi.org/10.1038/ismej.2012.32
https://doi.org/10.1038/ismej.2010.9
https://doi.org/10.3390/molecules14072535
https://doi.org/10.1111/j.1574-6968.1998.tb13044.x
https://doi.org/10.1038/35067109
https://www.jstor.org/stable/41413488
https://doi.org/10.1371/journal.pgen.1004283
https://doi.org/10.1111/nph.13418
https://doi.org/10.3390/microorganisms6040096
https://doi.org/10.1139/w00-098
https://doi.org/10.1139/m97-049
https://doi.org/10.1073/pnas.0504930102
https://doi.org/10.1017/S095375620300772X
https://doi.org/10.1094/PHYTO.2000.90.11.1285
https://doi.org/10.1023/A:1016857917950
https://doi.org/10.1371/journal.pbio.2001793
https://doi.org/10.1007/s00248-011-9953-1
https://doi.org/10.1111/j.1574-6941.2008.00469.x
https://doi.org/10.1007/s00248-010-9658-x
https://d1wqtxts1xzle7.cloudfront.net/47584081/Microbial_Ecology_of_Aerial_Plant_Surfaces.pdf?1469689964=&response-content-disposition=inline%3B+filename%3DMicrobial_Ecology_of_Aerial_Plant_Surfac.pdf&Expires=1609833776&Signature=CYxLLocJS7lNzpekczgjzkHrRubpKNZpioYXXZVwG73dOx0amYr21DqyGdzTBQLnAhmkLzVhbGhTLqfcQ6ZCRQ8DcujhgnrM2OVneUXZN-xt6UUkELGVjSe3jXCbEaabmMLrbpw17ACzdHoVbPHQxKTZbILFj1ob8GlRHkRYpGapZGjuQ-XvCmSvF8tBajNxGrmZiPESm05otRKoVuw1g-o-Y7PZz1foJnm9kqhR3MF3YB4~3srqJwSL~ZB1Dou7n1heTcdPW84FZ-bH7uo-Nk38Mb00VeK4olQFXXlp~1MHoEvXMOt~cdhKrL2O4RVrHWUM0ymMFWYJGiVh0vbUbg__&Key-Pair-Id=APKAJLOHF5GGSLRBV4ZA#page=242
https://doi.org/10.1038/ismej.2007.82
https://doi.org/10.1007/s11104-005-3714-1
https://doi.org/10.1016/j.micres.2017.07.007
https://doi.org/10.1111/j.1574-6941.2007.00419.x
https://doi.org/10.1046/j.1439-0523.2002.730285.x
http://creativecommons.org/licenses/by/4.0/

