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Phytobeneficial microbes, particularly endophytes, such as fungi and bacteria, are
concomitant partners of plants throughout its developmental stages, including seed
germination, root and stem growth, and fruiting. Endophytic microbes have been
identified in plants that grow in a wide array of habitats; however, seed-borne endophytic
microbes have not been fully explored yet. Seed-borne endophytes are of great interest
because of their vertical transmission; their potential to produce various phytohormones,
enzymes, antimicrobial compounds, and other secondary metabolites; and improve plant
biomass and yield under biotic and abiotic stresses. This review addresses the current
knowledge on endophytes, their ability to produce metabolites, and their influence on
plant growth and stress mitigation.
Keywords: seed endophytes, vertical transmission, metabolite production, plant growth, stress mitigation

BACKGROUND
Soil hosts a diverse array of microbes, such as bacteria, fungi, yeasts, and protozoa. These microbes
often exist in mutualistic interactions; some are also found in mutual relationships with plants
(Farrer and Suding, 2016; Vejan et al., 2016; Lladó and Baldrian, 2017). These plant–microbe
associations have been the focus of comprehensive study, given their potential as ecologically sound
alternatives for promoting crop growth and development. It is clear that microorganisms are able
to enhance plant growth and defenses, and that plants have the ability to select a microbiome in
order to retain valuable colonizers, including those living within their tissue (Hardoim et al., 2012;
Marasco et al., 2012; Rashid et al., 2012). Within this context, seed microbiota are ecologically
interesting in that they represent not only an endpoint for the community assembly in the seed,
but also a starting point for community assembly in the new seedling.
The present review concentrates on underexplored endophytes, such as seed-borne bacterial
and fungal endophytes. The review considers their role in enhancing crop efficiency, the nature of
vertical transmission and secondary metabolite production, their below-ground function, and the
above-ground response.

ENDOPHYTIC MICROBES: ROLE AND REPRODUCTION
Recent evaluations suggest that over 300,000 plant species are found worldwide, and that every
plant carries at least one endophyte (Smith et al., 2008). Indeed, endophytic microbes have been
found in every plant species examined to date; Partida-Martínez and Heil (2011) report that a
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plant without endophytes could only occur infrequently. It can
be assumed that plants deprived of endophytes would be more
vulnerable to environmental stress and pathogenic attacks (Khan
et al., 2015; Leitão and Enguita, 2016; Suman et al., 2016; Brader
et al., 2017). Endophytic microorganisms (bacteria or fungi) are a
key class of plant symbionts that live inside plant tissues without
inducing any disease symptoms (Brader et al., 2017), and which
are associated with the plant throughout its life history, from
seed germination to fruit development. Endophytes are found in
the roots (rhizosphere), leaves (phylloplane), stems (laimosphere
and caulosphere), fruits (carposphere), seeds (spermosphere),
and flowers (anthosphere), as described by many scientists
(Clay and Holah, 1999; Lindow and Brandl, 2003; Saikkonen
et al., 2004; Shahzad et al., 2016; Brader et al., 2017). The
relationship between endophytes and plants is unique in the
ability of the former to provide alternative sources of biologically
active metabolites, such as enzymes, biofunctional chemicals,
phytohormones, nutrients, and minerals, and to facilitate the
distribution or production of these resources which contributed
in the elimination of various stresses (Schulz et al., 2002; Khan
et al., 2012; Kong and Glick, 2017; Nelson, 2017). In return, the
host plant provides a protective sanctuary for the microbes within
the plant tissues, in which they can grow and reproduce, but
without compromising the plant’s own growth resources (Khan
et al., 2015).

from roots, shoots, or other plant tissues. Seed endophytes have
the ability to form endospores, thus providing protection from
changing conditions inside the seed (Mano et al., 2006; Compant
et al., 2011; Kane, 2011). They also maintain other features,
such as cell motility and phytase activity, in order to be able
to migrate freely inside the plant and enter the seeds before
they harden. There have however been relatively few studies
examining biodiversity in seed-borne endophytes.

SEED-BORNE BACTERIAL ENDOPHYTES
The various seed-borne bacterial endophytes found in plant
tissues utilize either direct or indirect mechanisms to improve
plant growth and development, and enhance plant tolerance
to biotic and abiotic stresses (Santoyo et al., 2016; Shahzad
et al., 2017a,b). They facilitate plant development by activating
supplements in the soil, delivering plant hormones, controlling
or hindering phytopathogens to defend the plant, enhancing soil
structure, and bioremediating contaminated soils by sequestering
dangerous metals and degrading xenobiotic mixes (Maehara
et al., 2016; Sülü et al., 2016). Seed-borne bacterial endophytes
also participate in modulating endogenous phytohormones
(Shahzad et al., 2016). In addition, some plant growth-promoting
bacterial endophytes can lower ethylene levels by synthesizing a
catalyst, ACC deaminase (1-aminocyclopropane-1-carboxylate),
of an ethylene precursor in higher plants (Mano et al., 2006;
Sziderics et al., 2007; Doty et al., 2009; Glick, 2012; Luo et al.,
2012; Rashid et al., 2012; Coutinho et al., 2014; Pandya et al.,
2015; Saini et al., 2015). Although very few studies have examined
the biodiversity of seed-borne bacterial endophytes, seeds from
numerous plant species have been shown to contain diverse
communities of bacterial endophytes (Table 1).

WHY ARE ENDOPHYTES IN SEEDS
IMPORTANT?
Seeds play an important role in the life cycle of spermatophytes;
they have the ability to exist in a torpid state for a considerable
length of time until growth conditions are suitable, and then
develop into a new plant (Nelson, 2004; Geisen et al., 2017).
It is probable that seeds benefit from seed-borne bacterial
and fungal endophytes, which are thought to promote seed
conservation and facilitate seed germination in soil (CheeSanford et al., 2006; Rodríguez et al., 2017; Shearin et al.,
2017). Seed-borne endophytes are of particular importance
because they are passed between successive plant generations
via vertical transmission, thus ensuring their presence in the
next generation of seedlings (Cope-Selby et al., 2017; Shade
et al., 2017). This process of vertical transmission results in a
weakening of microbial pathogenic strength in order to support
plant growth and development. This mutualism supports and
enhances plant survival and microbial proliferation (Rudgers
et al., 2009). Moreover, alongside their vital role in plant growth
and defense, these seed-borne bacterial and fungal endophytes
benefit the host plants through providing their offspring with
valuable endosymbionts (Shade et al., 2017).

SEED-BORNE FUNGAL ENDOPHYTES
Fungal endophytes are found in all types of plant tissue, and
have been shown to improve growth, enhance plant defense
systems, and mitigate both biotic and abiotic stress (Khan et al.,
2015). Endophytic fungi reveal a broad variation in their mode
of transmission from one host to another, and stringent vertical
transmission from one generation to the next (Shearin et al.,
2017; Vujanovic and Germida, 2017). Many fungi are seed-borne,
and very recent studies report that fungal seed microbiomes
may be greatly influenced by local conditions and non-host
genotypes (Klaedtke et al., 2016). The well-studied seed-borne
fungal endophytes belonging to the genus Epichlöe are mostly
reported to assist their host plants in growth promotion and
stress mitigation, either directly or indirectly (Kauppinen et al.,
2016; Gundel et al., 2017). However, although research has
focused on this group of fungi, there are numerous other
seed-associated fungi, including ascomycetes, basidiomycetes,
parasites, and yeasts (Abe et al., 2015).
In a stringent vertical transmission process, the seeds
produced by separate plants are infected with at least one
endophyte, but this is not the case for processes involving
seed-borne endophytic fungi, in which every seed produced
by a single plant may be individually infected with a

BIODIVERSITY TROVE IN SEEDS
The internal environment of a seed changes during maturation,
which consequently affects the seed endophytic community
(Mano et al., 2006). The ability to reside in a seed and adapt
to severe environmental conditions are special characteristics of
seed endophytes that are rarely found in endophytes isolated
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TABLE 1 | Endophytic microbes isolated and characterized from the seeds of different plants.
Host

Endophytic microbes

Function

References

Oryza sativa

Paenibacillus polymyxa

Glucanase production, anti-phytopathogenic
microbe

Liu et al., 2017

Cucumis melo

Proteobacteria, Frimicutes, Actinobacteria

–

Glassner et al., 2017

Oryza sativa

Micrococcus yunnanensis, Micrococcus luteus,
Enterobacter soli, Leclercia adecarboxylata, Pantoea
dispersa, Staphylococcus epidermidis

IAA production, plant growth promotion

Shahzad et al., 2017c

Oryza sativa

Enterobacter asburiae, Pantoea dispersa, Pseudomonas
putida

IAA production, phosphate-solubilizing,
antifungal, plant growth promotion

Verma et al., 2017

Phragimates australis

P. fluorescens, Psedomonas sp., Pantoea sp.,
Enterobacter sp.

Phosphorus-solubilizing, protease production,
anti-fungal, plant growth promotion

White et al., 2017

Triticum aestivum

Panibacillus sp., Pantoea sp., Bacillus sp.

IAA production, antifungal, siderophore
production, phosphate-solubilizing, plant
growth promotion

Díaz Herrera et al.,
2016

Tylosema esculentum

Massilia, Kosakonia, Pseudorhodoferax, Caulobacter,
Pantoea, Sphingomonas, Burkholderia,
Methylobacterium, Bacillus sp., Curtobacterium,
Microbacterium, Mucilaginibacter, Chitinophaga

Plant growth promotion, phytohormone and
metabolite production

Chimwamurombe
et al., 2016

Oryza sativa

Bacillus amyloliquefaciens

Phytohormone production, growth promotion

Shahzad et al., 2016

Lycopersicum esculentum

Bacillus subtilis

Plant growth promotion, phytohormone and
metabolite production

Xu et al., 2014

Zea mays

Undibacterium, Sphingomonas, Acinetobacter,
Burkholderia, Pantoea, Limnobacter, Burkholderia,
Pantoea, Staphylococcus, Serratia, Cronobacter,
Enterobacter, Escherichia, Acinetobacter

–

Liu et al., 2013

Arachis hypogaea

B. thuringiensis, B. cereus, B. amyloliquefaciens,
B. megaterium, B. subtilis, Bacillus sp., Paenibacillus
sp., Pseudomonas sp., B. thioparans, Cyanobacterium

Antifungal

Sobolev et al., 2013

Phaseolus vulgaris

Bacillus massilensis, Bacillus sp. Bacillus pumilus,
Bacillus flexus, Bacillus korlensis, Bacillus silvestris,
Paenibacillus, Enterococcus, Staphylococcus,
Arthrobacter, Kocuria, Micrococcus, Brachybacterium,
Methylobacterium, Paracoccus, Acinetobacter

–

Rosenblueth et al.,
2012

Triticum aestivum; Elymus
trachycaulus; Agropyron
fragile

Actinobacteria, Firmicutes, Gammaproteobacteria

–

Ringelberg et al., 2012

Oryza sativa

Pseudomonas protegens, Pseudomonas sp.,
Stenotrophomonas maltophilia, Uncultured
Stenotrophomonas clone, Ochrobactrum tritici,
Ochrobactrum sp., Ochrobactrum grignonense
Sphingomonas yanoikuyae, Flavobacterium johnsoniae,
Flavobacterium sp., Paenibacillus humicus, Paenibacillus
sp. Agromyces mediolanus, Curtobacterium citreum,
Curtobacterium sp., Curtobacterium herbarum,
Frigoribacterium faeni, Microbacterium oleivorans,
Microbacterium sp., Mycobacterium abscessus
Plantibacter flavus

Plant growth promotion, mitigating biotic and
abiotic stress

Hardoim et al., 2012

Zea mays

Bacillus sp, Methylobacterium, Tukamurella, Alcaligenes,
Erwinia, Microbacterium, Rhodococcus

–

Rosenblueth et al.,
2012

Cucurbita pepo

Bacillus sp., Pseudomonas chlororaphis, Lysobacter
gummosus, P. chlororaphis, Paenibacillus polymyxa,
Serratia plymuthica

Antifungal

Fürnkranz et al., 2012

Vitis vinifera

Bacillus altitudinis, Bacillus simplex, Bacillus
thuringiensis, Paenibacillus amylolyticus, Staphylococcus
aureus subsp. aureus

Tissue colonization

Compant et al., 2011

Fraxinus

Pantoea agglomerans, Staphylococcus succinus,
Aerococcus viridans

Antibiotic production

Donnarumma et al.,
2011

BACTERIA

(Continued)

Frontiers in Plant Science | www.frontiersin.org

3

January 2018 | Volume 9 | Article 24

Shahzad et al.

Vertically Transmitted Endophytes in Seeds

TABLE 1 | Continued
Host

Endophytic microbes

Function

References

Oryza sativa

Pantoea agglomerans, Acinetobacter sp.,
Curtobacterium citreum, Microbacterium sp., Pantoea
ananatis, Pseudomonas sp., Paenibacillus sp., Pantoea
sp., Staphylococcus cohnii, Curtobacterium citreum,
Microbacterium sp., Sphingomonas sp., Rhizobium
larrymoorei, Curtobacterium sp., Sphingomonas sp.

Phytohormone and metabolite production,
phosphate-solubilizing, antifungal, plant growth
promotion

Ruiza et al., 2011

Glycine max

Acinetobacter, Bacillus, Enterococcus, Nocardioides,
Paracoccus, Phyllobacterium, Sphingomonas

Phytate-solubilizing

López-López et al.,
2010

Nicotiana tabacum

Enterobacter sp., Xanthomonadaceae, Pseudomonas
sp., Enterobacter sp., Pseudomonas fulva, Sanguibacter
sp., Stenotrophomonas sp., Clostridium aminovalericum,
Stenotrophomonas sp., Sanguibacter sp.

Mitigating metal toxicity, promote plant growth

Mastretta et al., 2009

Oryza sativa

Bacillus pumilus, Kocuria palustris, Pantoea ananatis,
Methylobacterium radiotolerans, Methylobacterium
fujisawaense

Enzyme production, osmotic stress tolerance

Kaga et al., 2009

Eucalyptus

Bacillus sp., Enterococcus sp., Paenibacillus sp.,
Methylobacterium sp.

Growth promotion

Ferreira et al., 2008

Zea mays

Pantoea sp., Microbacterium sp., Frigoribacterium sp.,
Bacillus sp., Paenibacillus sp., Sphingomonas sp.

Antifungal

Rijavec et al., 2007

Oryza sativa

Xanthomonas translucens, Pantoea ananatis,
Methylobacterium aquaticum, Sphingomonas melonis,
Sphingomonas yabuuchiae, Bacillus subtilis, Bacillus
pumilus, Micrococcus luteus, Acidovorax sp.,
Curtobacterium flaccumfaciens, Paenibacillus
amylolyticus, Xanthomonas translucens

Enzyme production, osmotic stress tolerance

Mano et al., 2006

Coffea Arabica

Bacillus sp., Burkholderia cepacia—GC subgroup B,
Burkholderia gladioli GC subgroup A, Burkholderia
gladioli—GC subgroup B, Clavibacter michiganense
insidiosum, Curtobacterium
flaccumfaciens-flaccumfaciens, Curtobacterium
flaccumfaciens-poinsettiae, Escherichia vulneris,
Micrococcus sp., Pantoea agglomerans, Pseudomonas
putida biotype A, Pseudomonas putida biotype B,
Stenotrophomonas sp., Stenotrophomonas maltophilia,
Yersinia frederiksenii

–

Vega et al., 2005

Fragaria

Pseudomonas fluorescens, Pseudomonas sp.

–

Kukkurainen et al.,
2005

Glycine max

Agrobacterium radiobacter, Aeromonas sp., Bacillus
spp., Chryseomonas luteola, Flavimonas oryzihabitans,
Sphingomonas paucimobilis

Seedling growth, root colonization

Oehrle et al., 2000

Invasive Phragmites

Alternaria sp., Phoma sp., Penicillium corylophilum

Improved seed germination and seedling
growth

Shearin et al., 2017

Dendrobium
friedericksianum

Fusarium sp., Beauveria sp., Tulasnella violea, T. violea,
Epulorhiza sp., Trichosporiella multisporum

Growth promotion

Khamchatra et al.,
2016

FUNGI

Cinchona ledgeriana

Diaporthe sp.

Alkaloid production

Maehara et al., 2016

Toona sinensis Roem

Cladosporium sp.

Antioxidant potential

Rahmawati et al., 2016

Lolium perenne

Neotyphodium sp.

–

Wiewióra et al., 2015

Schedonorus phoenix

Epicholë ceonophiala

Improved resistance against herbivores and
environmental stresses

Young et al., 2013

Dactylis glomerata

Epichloë typhina

Improved host plant growth and
photosynthesis

Rozpadek et al., 2015

Centaurea cyanus;
Papaver rhoeas;
Senecio vulgaris;
Centaurea nigra;
Plantago lanceolata;
Rumex acestosa

Acremonium strictum, Alternaria alternate, Aspergillus
niger, Aureobasidium pullulans, Botrytis cinerea,
Chaetomium cochliodes, Clodosporium cladospriodes,
Cladosporium oxysporum, Cladosporium
sphaerospermum, Colletotrichum dematium, Epicoccum
nigrum, Fusarium avenaceum, Fusarium equiseti,

Hodgson et al., 2014

(Continued)
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TABLE 1 | Continued
Host

Endophytic microbes

Function

References

Fusarium merismoides, Fusarium tricinctum, Fusarium
sp. A, Geotrichum candidum, Mucor hiemalis, Penicillium
sp A, Penicillium sp. B, Phialophora verrucosa,
Rhabdospora coricea, Sterile sp. A, Sterile sp. B
Laelia speciosa

Helotiales sp.

–

Ávila-Díaz et al., 2013

Ipomoea carnea

Collelotrichum sp., Fusarium sp.

Antimicrobial

Tayung et al., 2012

Swietenia macrophylla King

–

α –Glucosidase inhibition

Ramdanis et al., 2012

Festuca arundinacea

Neotyphodium oenophialum

Ergovaline and loline alkaloid production and
improved protection against herbivores

Pennell et al., 2010

Lolium perenne

Epichloë festucae var. lolii

Improved drought tolerance

Kane, 2011

ubiquitous endophytes (Hodgson et al., 2014). This mode of
transmission is fascinating in terms of its ability to fortify
a plant with an established beneficial endophytic community
which can be passed, together with its beneficial traits, to the
plant’s offspring (Ferreira et al., 2008). Conservation of vertically
transmitted endophytes indicates an evolved form of mutualism
or benign parasitism in the relationship with the host plant
(Johnston-Monje and Raizada, 2011; Figure 1B).
Vertical transmission of seed-borne bacterial and fungal
endophytes has been detected in various plant species. By
isolating Bacillus spp. and Microbacterium spp. from switch
grass seeds harvested in 1 year and from the plants grown
from these seeds the following year, showed that the same
microbial species occurred in multiple (Gagne-Bourgue et al.,
2013). In addition, Ringelberg et al. (2012) isolated the same
endophytic bacterial genera from both seeds and mature plant
tissues in wheatgrass, therefore suggesting that the seeds are a
key source of transmitting mature wheatgrass endophytes to the
next generation. Furthermore, although fungal endophytes were
originally thought to be horizontally transmitted, their vertical
transmission in various plant species has been reported (Ngugi
and Scherm, 2006; Hodgson et al., 2014; Wiewióra et al., 2015).
Some studies indeed report that the rate of vertical transmission
for many fungal endophytes is greater than 90% (Ngugi and
Scherm, 2006).

different fungus. Barret et al. (2015) have determined that
the seeds of plants in Brassicaceae were overwhelmingly
inhabited by ascomycetes in the classes Dothideomycetes,
Eurotiomycetes, Leotiomycetes, and Sordariomycetes, and from
the Basidiomyceta. Dothideomycetes is the largest known class of
filamentous ascomycetes, and comprises the genera Alternaria,
Aureobasidium, Cladosporium, Epicoccum, Phaeosphaeria,
Phoma, Pyrenophora, and Stagonospora. The other ascomycetes
classes include typical endophytic genera, such as Chaetomium,
Fusarium, Microdochium, Stemphylium, and Xylaria (Barret
et al., 2015). Different seeds bear a variety of fungal endophytes
(Table 1).

MECHANISMS OF ACTION OF
SEED-BORNE ENDOPHYTES
The assorted metabolic qualities of seed-borne bacterial and
fungal endophytes are dependent on local conditions, and are
used to facilitate the host plant’s advancement. This further
strengthens the benefits conferred on the host plant, improving
its fitness over other plants; this can in turn influence the entire
environment (Klironomos, 2002; Khan et al., 2015; Figure 1A).

MODE FOR VERTICAL TRANSMISSION OF
SEED-BORNE ENDOPHYTES

METAGENOME ANALYSIS

Seed endophytes must possess efficient motility, and use different
means to enter and become established in the seed tissue. They
are transmitted either through vascular connections between
the vegetative plant parts, the seed and from parental plants
into the seed endosperm, or through transgenerational transfer
via vertical transmission (Hodgson et al., 2014). Three main
transmission pathways have been reported for the transmission
of seed born-microbes: (i) via non-vascular or xylem tissues
in the maternal plant; (ii) through floral pathways, via the
stigma of maternal plants; and (iii) by an exogenous pathway
whereby seeds are contaminated from the external environment
(Maude, 1996). The relative importance to plants of the
horizontal and vertical transmission of microbes remains unclear
(Vandenkoornhuyse et al., 2015). However, vertical transmission
is reported probably to be a widespread phenomenon in

Frontiers in Plant Science | www.frontiersin.org

Seeds are not merely the carriers of a plant’s hereditary
information, but also both reservoirs for plant microbiota
and vehicles for their vertical transmission (Baker and Smith,
1966; Nelson, 2004). The role of seed-associated microbes is
of significance to plant growth and development because these
microbial communities may secrete important phytohormones,
such as cytokinins, that break seed dormancy (Goggin et al.,
2015) and inhibit microbial invasions (Bacilio-Jiménez et al.,
2001). The recent rapid progress in high-throughput DNA
sequencing technology has enabled a far wider exploration
of microbes in the rhizosphere, endosphere, and phyllosphere
of important crops and model plant species, revealing the
distinctive microbial community structures, which are dependent
on the plant parts they inhabit and environmental conditions
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FIGURE 1 | Conceptual view of mechanisms of action and vertical transmission of seed endophytic microbiota. (A) The schematic presentation shows the isolation of
seed-borne endophytic microbes, and their application in promoting plant growth and stress resistance. (B) A holistic view of the vertical transmission of seed-borne
endophytes. This suggests that endophytes are found in seed embryos and grow into the emerging leaf upon germination; the endophytes then migrate into the stem
and seed head of reproductive plants via various pathways.

on seed germination and plant growth are not limited to
plant–fungal interactions; seed-associated bacteria have also been
found to have similar functions in relation to plant fitness (Xu
et al., 2014; Hardoim et al., 2015; Pitzschke, 2016). Therefore,
it is reasonable to hypothesize that seed-associated microbes,
including epiphytes and endophytes, play a more important role
in modulating their host plant than previously thought.
High-throughput sequencing studies have identified a high
frequency of Cladosporium spp. in seeds, specifically the inner
seeds of a wide range of herbaceous plants (Ikeda et al.,
2006; Lucero et al., 2011). Similarly, it has been reported
that both endophytes and epiphytes associated with seeds
play significant roles in seed germination and plant growth
(Pitzschke, 2016; Tahtamouni et al., 2016). In rainy tropics,
seed epiphytic fungi (Penicillium sp. and Fusarium sp.) have
been shown to enhance seed germination (Tamura et al.,
2008). Thus, exploration of these microbial communities using
modern metagenomics has revealed there to be genetic and
biochemical diversity in the spermosphere and endosphere
of seeds.

(Redford and Fierer, 2009; Bulgarelli et al., 2012; Bodenhausen
et al., 2013; Shakya et al., 2013; Lebeis, 2014). Furthermore,
multi-omics techniques, such as whole genome and metagenomic
analyses, have significantly improved our understanding of the
role of the plant microbiome (Bai et al., 2015; Bulgarelli et al.,
2015).
Extensive attention has been given to the construction and
role of microbial communities associated with the phyllosphere
and rhizosphere. However, we have a comparatively poor
understanding of the microbiota inhabiting other niches, such
as the reproductive organs and seeds. Seeds form an important
habitat for microbes, sustaining a diverse array of both
harmful and beneficial microbes (Nelson, 2004). Similar to the
rhizosphere, the spermosphere is a region that surrounds seeds,
and in which seed microbes, germinating seeds, and soil microbes
may interact (Nelson, 2004). The microbiota living in this region,
although usually short-lived as individual organisms, can have
a persistent effect on seed germination and seedlings (Nelson,
2004; Delgado-Sánchez et al., 2011; Chen et al., 2012; Schiltz
et al., 2015). Recently, research has revealed that microbes in
the seed spermosphere and endosphere, which are less studied
than other groups of symbionts, have the ability to promote
seed germination and enhance plant growth during both abiotic
and biotic stress (Truyens et al., 2015). For example, fungi
isolated from Opuntia spp. (Penicillium chrysogenum, Phoma
sp., and Trichoderma koningii) are involved in breaking seed
dormancy and promoting germination (Delgado-Sánchez et al.,
2011, 2013). Similarly, some seed-borne endophytic fungi from
Ascomycota and Pleosporales have been reported to promote
the growth and germination of Phragmites australis (Ernst et al.,
2003). In addition, the effects of seed-associated microbiota
Frontiers in Plant Science | www.frontiersin.org

PLANT GROWTH PROMOTION AND
STRESS TOLERANCE
Although there has been a wide acceptance of the beneficial role
of endophytes in plant growth and development, particularly
in terms of their potential applications, seed-borne endophytes
have been poorly explored. Beneficial seed-borne endophytes
are thought to promote plant growth and mitigate stress
(Truyens et al., 2015; Khamchatra et al., 2016; Shahzad et al.,
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2016, 2017c; Shearin et al., 2017); however, the underlying
mechanisms remain largely unknown. The growth-promoting
potential of seed-borne endophytes has been reported in
many plants (Table 1). Several seed-borne bacterial and fungal
endophytes produce compounds that either directly inhibit
pathogen growth or indirectly strengthen plant resistance in
defense against pathogenic attack (Bonos et al., 2005; Clarke
et al., 2006; Tayung et al., 2012; Shahzad et al., 2017a). Yue
et al. (2000) have determined the occurrence of numerous indole
compounds, a sesquiterpene, and diacetamide from Epichloë
festucae. Moreover, Shahzad et al. (2017a) report that the various
organic acids produced by seed-borne endophytic Bacillus
amyloliquefaciens acted to significantly inhibit the growth of
pathogenic Fusarium oxysporum in vitro, and induced systemic
resistance in tomato plants. Díaz Herrera et al. (2016) report the
isolation from wheat seeds of the endophytes Paenibacillus sp.,
Pantoea sp., and Bacillus sp., which significantly enhanced plant
growth and resistance against F. graminearum. Furthermore,
Epicholë grass endophytes are also widely used in improving
the survival and productivity of perennial ryegrass (Karpyn
Esqueda et al., 2017). Turfgrasses infected with E. festucae
showed a significantly improved resistance in comparison with
non-inoculated turfgrasses against two of the main leaf spot
pathogens, Sclerotina homeocarpa and Laetisaria fuciformis
(Bonos et al., 2005; Clarke et al., 2006). However, it remains
unclear whether this enhanced defense mechanism is attributable
to metabolites produced by endophytes, secondary metabolites
produced by plants in response to inoculation by endophytes,
or competition between pathogenic microbes. Interestingly, in
addition to their antagonistic capability against pathogenic
microbes, seed endophytes also improve seed germination,
mitigate abiotic stress, and enhance plant tolerance, features
which are probably related to the ability of these microbes
to produce secondary metabolites, siderophores, and ACC
deaminase (Glick, 2012; Xu et al., 2014; Shahzad et al., 2017a,b).
Moreover, the application of plant growth-promoting seedborne bacterial endophytes may also facilitate the phyto- and
bioremediation of contaminated soil. Mastretta et al. (2009) have
shown in their study that, inoculation of tobacco plants with seed
endophytes under Cd stress resulted in significantly improved
plant growth, enhanced biomass, alleviation of Cd toxicity,
and improved tolerance as compared to uninoculated plants.
Truyens et al. (2015) also report enhanced phytoremediation of
grasses following inoculation with seed-borne endophytes with
the potential to solubilize phosphorus and produce indole-3acetic acid (IAA), siderophores, ACC deaminase, and acetone.
They also conclude that there are benefits to establishing

Cd-tolerant seed-borne endophytes in Cd-contaminated areas
during phytoextraction and phytostabilization; in non-exposed
plants, endophyte inoculation considerably improved plant
growth, whereas under conditions of Cd stress, inoculation
augmented Cd uptake without disturbing plant growth. These
results show that endophyte microbes such as these are promising
in terms of applicability to phytoremediation.

REFERENCES

Bacilio-Jiménez, M., Aguilar-Flores, S., del Valle, M. V., Pérez, A., Zepeda,
A., and Zenteno, E. (2001). Endophytic bacteria in rice seeds inhibit early
colonization of roots by Azospirillum brasilense. Soil Biol. Biochem. 33, 167–172.
doi: 10.1016/S0038-0717(00)00126-7
Bai, Y., Müller, D. B., Srinivas, G., Garrido-Oter, R., Potthoff, E., Rott, M., et al.
(2015). Functional overlap of the Arabidopsis leaf and root microbiota. Nature
528, 364–369. doi: 10.1038/nature16192
Baker,
K.
F.,
and
Smith,
S.
H.
(1966).
Dynamics
of
seed
transmission
of
plant
pathogens.
Annu.
Rev.

FUTURE PERSPECTIVES
Investigating the role of seed-borne, vertically transmitted
bacterial and fungal endophytes opens new and exciting
opportunities for applied research into plant–microbe
interactions, given that these microbes can improve seed
germination, promote seedling health, enhance plant growth,
and mitigate stress. These abilities can be attributed to the
production of extracellular enzymes, phytohormones, and
secondary metabolites. Given the growth-promoting and
biocontrol properties of these microbes, their potential
applications as biofertilizers and in bioremediation should
be supported.
It is presumed that an extensive proportion of the endophytic
population in seeds has not yet been fully explored. Metagenomic
studies will provide additional insight into seed endophyte
populations, including the genera, their phenotypic attributes,
and possible roles in both germination and plant advancement.
Further research is required in order to investigate seed–
endophyte interactions and their role in inducing defense
resistance mechanisms against biotic at the molecular level
and also to identify the genetic determinants involved in
seed colonization, seed endophyte dispersal, and vertical
transmission. Finally, exhaustive research is needed to determine
the changes that occur in seed-associated endophytes during seed
development, storage, and germination, in order to ensure a
superior quality production of seeds.

AUTHOR CONTRIBUTIONS
RS design the study. RS, AK, SB, and SA wrote the review
manuscript. I-JL and AK critically reviewed the manuscript and
supervised the manuscript drafting.

ACKNOWLEDGMENTS
This study was supported by the Basic Science Research Program
through the National Research Foundation of Korea (NRF),
funded by the Ministry of Education (2017R1D1A1B04035601).

Abe, C. A. L., Faria, C. B., de Castro, F. F., de Souza, S. R., dos Santos, F. C., da
Silva, C. N., et al. (2015). Fungi isolated from maize (Zea mays L.) grains and
production of associated enzyme activities. Int. J. Mol. Sci. 16, 15328–15346.
doi: 10.3390/ijms160715328
Ávila-Díaz, I., Orijel, R. O. G. A., Magaña-Lemus, R., and Oyama, K. (2013).
Molecular evidence reveals fungi associated within. Bot. Sci. 91, 523–529.
doi: 10.17129/botsci.429

Frontiers in Plant Science | www.frontiersin.org

7

January 2018 | Volume 9 | Article 24

Shahzad et al.

Vertically Transmitted Endophytes in Seeds

and biocontrol agents of Fusarium graminearum. Microbiol. Res. 186, 37–43.
doi: 10.1016/j.micres.2016.03.002
Ernst, M., Mendgen, K. W., and Wirsel, S. G. (2003). Endophytic fungal
mutualists: seed-borne Stagonospora Spp. enhance reed biomass production
in axenic microcosms. Mol. Plant Microbe Interact. 16, 580–587.
doi: 10.1094/MPMI.2003.16.7.580
Farrer, E. C., and Suding, K. N. (2016). Teasing apart plant community responses to
N enrichment: the roles of resource limitation, competition and soil microbes.
Ecol. Lett. 19, 1287–1296. doi: 10.1111/ele.12665
Ferreira, A., Quecine, M. C., Lacava, P. T., Oda, S., Azevedo, J. L., and Araújo, W.
L. (2008). Diversity of endophytic bacteria from Eucalyptus species seeds and
colonization of seedlings by Pantoea agglomerans. FEMS Microbiol. Lett. 287,
8–14. doi: 10.1111/j.1574-6968.2008.01258.x
Fürnkranz, M., Lukesch, B., Müller, H., Huss, H., Grube, M., and Berg, G. (2012).
Microbial diversity inside pumpkins: microhabitat-specific communities
display a high antagonistic potential against phytopathogens. Microb. Ecol. 63,
418–428. doi: 10.1007/s00248-011-9942-4
Gagne-Bourgue, F., Aliferis, K. A., Seguin, P., Rani, M., Samson, R., and Jabaji,
S. (2013). Isolation and characterization of indigenous endophytic bacteria
associated with leaves of switchgrass (Panicum virgatum L.) cultivars. J. Appl.
Microbiol. 114, 836–853. doi: 10.1111/jam.12088
Geisen, S., Kostenko, O., Cnossen, M. C., ten Hooven, F. C., Vreš, B., and van der
Putten, W. H. (2017). Seed and root endophytic fungi in a range expanding and
a related plant species. Front. Microbiol. 8:1645. doi: 10.3389/fmicb.2017.01645
Glassner, H., Zchori-Fein, E., Yaron, S., Sessitsch, A., Sauer, U., and Compant, S.
(2017). Bacterial niches inside seeds of Cucumis melo L. Plant Soil. 2017, 1–3.
doi: 10.1007/s11104-017-3175-3
Glick, B. R. (2012). Plant growth-promoting bacteria: mechanisms and
applications. Sci. (Cairo). 2012, 1–15. doi: 10.6064/2012/963401
Goggin, D. E., Emery, R. J., Kurepin, L. V., and Powles, S. B. (2015). A potential
role for endogenous microflora in dormancy release, cytokinin metabolism and
the response to fluridone in Lolium rigidum seeds. Ann. Bot. 115, 293–301.
doi: 10.1093/aob/mcu231
Gundel, P. E., Helander, M., Garibaldi, L. A., Vázquez-de-Aldana, B. R.,
Zabalgogeazcoa, I., and Saikkonen, K. (2017). Direct and indirect effects
of the fungal endophyte Epichloë uncinatum on litter decomposition
of the host grass, Schedonorus pratensis. Plant Ecol. 218, 1107–1115.
doi: 10.1007/s11258-017-0755-5
Hardoim, P. R., Hardoim, C. C. P., van Overbeek, L. S., and van Elsas, J. D. (2012).
Dynamics of seed-borne rice endophytes on early plant growth stages. PLoS
ONE 7:e30438. doi: 10.1371/journal.pone.0030438
Hardoim, P. R., van Overbeek, L. S., Berg, G., Pirttilä, A. M., Compant, S.,
Campisano, A., et al. (2015). The hidden world within plants: ecological and
evolutionary considerations for defining functioning of microbial endophytes.
Microbiol. Mol. Biol. Rev. 79, 293–320. doi: 10.1128/MMBR.00050-14
Hodgson, S., de Cates, C., Hodgson, J., Morley, N. J., Sutton, B. C., and Gange, A.
C. (2014). Vertical transmission of fungal endophytes is widespread in forbs.
Ecol. Evol. 4, 1199–1208. doi: 10.1002/ece3.953
Ikeda, S., Fuji, S., Sato, T., Ytow, N., Ezura, H., Minamisawa, K., et al. (2006).
Community analysis of seed-associated microbes in forage crops using cultureindependent methods. Microb. Environ. 21, 112–121. doi: 10.1264/jsme2.21.112
Johnston-Monje, D., and Raizada, M. N. (2011). Conservation and diversity of seed
associated endophytes in zea across boundaries of evolution, ethnography and
ecology. PLoS ONE 6:20396. doi: 10.1371/journal.pone.0020396
Kaga, H., Mano, H., Tanaka, F., Watanabe, A., Kaneko, S., and Morisaki, H. (2009).
Rice seeds as sources of endophytic bacteria. Microbes Environ. 24, 154–162.
doi: 10.1264/jsme2.ME09113
Kane, K. H. (2011). Effects of endophyte infection on drought stress tolerance of
Lolium perenne accessions from the Mediterranean region. Environ. Exp. Bot.
71, 337–344. doi: 10.1016/j.envexpbot.2011.01.002
Karpyn Esqueda, M., Yen, A. L., Rochfort, S., Guthridge, K. M., Powell, K. S.,
Edwards, J., et al. (2017). A review of perennial ryegrass endophytes and
their potential use in the management of African black beetle in perennial
grazing systems in Australia. Front Plant Sci. 8:3. doi: 10.3389/fpls.2017.
00003
Kauppinen, M., Saikkonen, K., Helander, M., Pirttilä, A. M., and Wäli, P. R. (2016).
Epichloë grass endophytes in sustainable agriculture. Nat. Plants 2:15224.
doi: 10.1038/nplants.2015.224

Phytopathol.
4,
311–332.
doi:
10.1146/annurev.py.04.090166.
001523
Barret, M., Briand, M., Bonneau, S., Préveaux, A., Valière, S., Bouchez, O., et al.
(2015). Emergence shapes the structure of the seed microbiota. Appl. Environ.
Microbiol. 81, 1257–1266. doi: 10.1128/AEM.03722-14
Bodenhausen, N., Horton, M. W., and Bergelson, J. (2013). Bacterial communities
associated with the leaves and the roots of Arabidopsis thaliana. PLoS ONE
8:e56329. doi: 10.1371/journal.pone.0056329
Bonos, S. A., Wilson, M. M., Meyer, W. A., and Funk, C. R. (2005). Suppression of
red thread in fine fescues through endophyte-mediated resistance. Appl. Turfgr.
Sci. 2, 105–111. doi: 10.1094/ATS-2005-0725-01-RS
Brader, G., Compant, S., Vescio, K., Mitter, B., Trognitz, F., Ma, L.-J.,
et al. (2017). Ecology and genomic insights into plant-pathogenic and
plant-nonpathogenic endophytes. Annu. Rev. Phytopathol. 55, 61–83.
doi: 10.1146/annurev-phyto-080516-035641
Bulgarelli, D., Garrido-Oter, R., Münch, P. C., Weiman, A., Dröge, J.,
Pan, Y., et al. (2015). Structure and function of the bacterial root
microbiota in wild and domesticated barley. Cell Host Microbe. 17, 392–403.
doi: 10.1016/j.chom.2015.01.011
Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, E., Ahmadinejad,
N., Assenza, F., et al. (2012). Revealing structure and assembly cues
for Arabidopsis root-inhabiting bacterial microbiota. Nature 488, 91–95.
doi: 10.1038/nature11336
Chee-Sanford, J. C., Williams, M. M., Davis, A. S., and Sims, G. K. (2006).
Do microorganisms influence seed-bank dynamics? Weed Sci. 54, 575–587.
doi: 10.1614/WS-05-055R.1
Chen, M. H., Jack, A. L., McGuire, I. C., and Nelson, E. B. (2012). Seed-colonizing
bacterial communities associated with the suppression of pythium seedling
disease in a municipal biosolids compost. Phytopathology 102, 478–489.
doi: 10.1094/PHYTO-08-11-0240-R
Chimwamurombe, P. M., Grönemeyer, J. L., and Reinhold-Hurek, B. (2016).
Isolation and characterization of culturable seed-associated bacterial
endophytes from gnotobiotically grown Marama bean seedlings. FEMS
Microbiol. Ecol. 92:fiw083. doi: 10.1093/femsec/fiw083
Clarke, B. B., White, J. F. Jr, Hurley, R. H., Torres, M. S., Sun, S., and Huff, D. R.
(2006). Endophyte-mediated suppression of dollar spot disease in fine fescues.
Plant Dis. 90, 994–998. doi: 10.1094/PD-90-0994
Clay, K., and Holah, J. (1999). Fungal endophyte symbiosis and plant diversity in
successional fields. Science 285, 1742–1744. doi: 10.1126/science.285.5434.1742
Compant, S., Mitter, B., Colli-Mull, J. G., Gangl, H., and Sessitsch, A. (2011).
Endophytes of grapevine flowers, berries, and seeds: identification of cultivable
bacteria, comparison with other plant parts, and visualization of niches of
colonization. Microb. Ecol. 62, 188–197. doi: 10.1007/s00248-011-9883-y
Cope-Selby, N., Cookson, A., Squance, M., Donnison, I., Flavell, R., and Farrar, K.
(2017). Endophytic bacteria in Miscanthus seed: implications for germination,
vertical inheritance of endophytes, plant evolution and breeding. GCB Bioen. 9,
57–77. doi: 10.1111/gcbb.12364
Coutinho, B. G., Licastro, D., Mendonça-Previato, L., Cámara, M., and
Venturi, V. (2014). Plant-influenced gene expression in the rice endophyte
Burkholderia kururiensis M130. Mol. Plant Microbe Interact. 28, 10–21.
doi: 10.1094/MPMI-07-14-0225-R
Delgado-Sánchez, P., Jiménez-Bremont, J. F., Guerrero-González, Mde L., and
Flores, J. (2013). Effect of fungi and light on seed germination of three Opuntia
species from semiarid lands of central Mexico. J. Plant Res. 126, 643–649.
doi: 10.1007/s10265-013-0558-2
Delgado-Sánchez, P., Ortega-Amaro, M. A., Jiménez-Bremont, J. F., and Flores,
J. (2011). Are fungi important for breaking seed dormancy in desert species?
Experimental evidence in Opuntia streptacantha (Cactaceae). Plant Biol. 13,
154–159. doi: 10.1111/j.1438-8677.2010.00333.x
Donnarumma, F., Capuana, M., Vettori, C., Petrini, G., Giannini, R., Indorato,
C., et al. (2011). Isolation and characterisation of bacterial colonies from seeds
and in vitro cultures of Fraxinus spp. from Italian sites. Plant Biol. 13, 169–176.
doi: 10.1111/j.1438-8677.2010.00334.x
Doty, S. L., Oakley, B., Xin, G., Kang, J. W., Singleton, G., Khan, Z., et al. (2009).
Diazotrophic endophytes of native black cottonwood and willow. Symbiosis 47,
23–33. doi: 10.1007/BF03179967
Díaz Herrera, S., Grossi, C., Zawoznik, M., and Groppa, M. D. (2016). Wheat
seeds harbour bacterial endophytes with potential as plant growth promoters

Frontiers in Plant Science | www.frontiersin.org

8

January 2018 | Volume 9 | Article 24

Shahzad et al.

Vertically Transmitted Endophytes in Seeds

Tabacum can reduce cadmium phytotoxicity. Int. J. Phytoremed. 11, 251–267.
doi: 10.1080/15226510802432678
Maude, R. B. (1996). Seedborne Diseases and Their Control: Principles and Practice.
Wallingford: CAB International.
Nelson, E. B. (2004). Microbial dynamics and interactions in
the
spermosphere.
Annu.
Rev.
Phytopathol.
42,
271–309.
doi: 10.1146/annurev.phyto.42.121603.131041
Nelson, E. B. (2017). The seed microbiome: origins, interactions, and impacts.
Plant Soil. doi: 10.1007/s11104-017-3289-7
Ngugi, H. K., and Scherm, H. (2006). Biology of flower-infecting fungi.
Annu. Rev. Phytopathol. 44, 261–282. doi: 10.1146/annurev.phyto.44.070505.1
43405
Oehrle, N. W., Karr, D. B., Kremer, R. J., and Emerich, D. W. (2000). Enhanced
attachment of Bradyrhizobium japonicum to soybean through reduced root
colonization of internally seedborne microorganisms. Can. J. Microbiol. 46,
600–606. doi: 10.1139/w00-030
Pandya, M., Rajput, M., and Rajkumar, S. (2015). Exploring plant growth
promoting potential of non rhizobial root nodules endophytes of Vigna radiata.
Microbiology 84, 80–89. doi: 10.1134/S0026261715010105
Partida-Martínez, L. P., and Heil, M. (2011). The microbe-free plant: fact or
artifact? Front. Plant Sci. 2:100. doi: 10.3389/fpls.2011.00100
Pennell, C. G., Rolston, M. P., De Bonth, A., Simpson, W. R., and Hume,
D. E. (2010). Development of a bird-deterrent fungal endophyte in turf
tall fescue. New Zeal J Agr Res. 53, 145–150. doi: 10.1080/00288231003
777681
Pitzschke, A. (2016). Developmental peculiarities and seed-borne endophytes in
quinoa: omnipresent, robust bacilli contribute to plant fitness. Front. Microbiol.
7:2. doi: 10.3389/fmicb.2016.00002
Rahmawati, N., Isfandito, A. R., Astuti, D. I., and Aditiawati, P. (2016). Endophytic
fungi from surian (Toona sinensis roem) and antioxidant potency from its
culture. Asian J. Plant Sci. 15, 8–15. doi: 10.3923/ajps.2016.8.15
Ramdanis, R., Soemiati, A., and Mun’im, A. (2012). Isolation and α-Glucosidase
inhibitory activity of endophytic fungi from mahogany (Swietenia macrophylla
King) seeds. Int. J. Med. Arom. Plants 2, 447–452. Available online at: http://
staff.ui.ac.id/system/files/users/abdul.munim61/publication/munimpub15.pdf
Rashid, S., Charles, T. C., and Glick, B. R. (2012). Isolation and characterization of
new plant growth-promoting bacterial endophytes. Appl. Soil Ecol. 61, 217–224.
doi: 10.1016/j.apsoil.2011.09.011
Redford, A. J., and Fierer, N. (2009). Bacterial succession on the leaf surface: a
novel system for studying successional dynamics. Microb. Ecol. 58, 189–198.
doi: 10.1007/s00248-009-9495-y
Rijavec, T., Lapanje, A., Dermastia, M., and Rupnik, M. (2007). Isolation of
bacterial endophytes from germinated maize kernels. Can. J. Microbiol. 53,
802–808. doi: 10.1139/W07-048
Ringelberg, D., Foley, K., and Reynolds, C. M. (2012). Bacterial endophyte
communities of two wheatgrass varieties following propagation in different
growing media. Can. J. Microbiol. 58, 67–80. doi: 10.1139/w11-122
Rodríguez, C. E., Mitter, B., Barret, M., Sessitsch, A., and Compant, S. (2017).
Commentary: seed bacterial inhabitants and their routes of colonization. Plant
Soil. doi: 10.1007/s11104-017-3368-9
Rosenblueth, M., López-López, A., Martínez, J., Rogel, M. A., Toledo, I., and
Martínez-Romero, E. (2012). Seed bacterial endophytes: common genera, seedto-seed variability and their possible role in plants. Acta Hortic. 938, 39–48.
doi: 10.17660/ActaHortic.2012.938.4
Rozpadek, P., Wezowicz, K., Nosek, M., Wazny, R., Tokarz, K., Lembicz, M.,
et al. (2015). The fungal endophyte Epichloë typhina improves photosynthesis
efficiency of its host orchard grass (Dactylis glomerata). Planta. 242, 1025–1035.
doi: 10.1007/s00425-015-2337-x
Rudgers, J. A., Afkhami, M. E., Rúa, M. A., Davitt, A. J., Hammer, S., and Huguet,
V. M. (2009). A fungus among us: broad patterns of endophyte distribution in
the grasses. Ecology 90, 1531–1539. doi: 10.1890/08-0116.1
Ruiza, D., Agaras, B., de Werrab, P., Wall, L. G., and Valverde, C.
(2011). Characterization and screening of plant probiotic traits of bacteria
isolated from rice seeds cultivated in Argentina. J. Microbiol. 49, 902–912.
doi: 10.1007/s12275-011-1073-6
Saikkonen, K., Wäli, P., Helander, M., and Faeth, S. H. (2004). Evolution
of endophyte–plant symbioses. Trends Plant Sci. 9, 275–280.
doi: 10.1016/j.tplants.2004.04.005

Khamchatra, N., Dixon, K., Chayamarit, K., Apisitwanich, S., and Tantiwiwat,
S. (2016). Using in situ seed baiting technique to isolate and identify
endophytic and mycorrhizal fungi from seeds of a threatened epiphytic orchid,
Dendrobium friedericksianum Rchb.f. (Orchidaceae). Agric. Nat. Resour. 50,
8–13. doi: 10.1016/j.anres.2016.01.002
Khan, A. L., Hamayun, M., Kang, S.-M., Kim, Y.-H., Jung, H.-Y., Lee, J.-H., et al.
(2012). Endophytic fungal association via gibberellins and indole acetic acid
can improve plant growth under abiotic stress: an example of Paecilomyces
formosus LHL10. BMC Microbiol. 12:3. doi: 10.1186/1471-2180-12-3
Khan, A. L., Hussain, J., Al-Harrasi, A., Al-Rawahi, A., and Lee, I.-J. (2015).
Endophytic fungi: resource for gibberellins and crop abiotic stress resistance.
Crit. Rev. Biotechnol. 35, 62–74. doi: 10.3109/07388551.2013.800018
Klaedtke, S., Jacques, M. A., Raggi, L., Préveaux, A., Bonneau, S., Negri, V., et al.
(2016). Terroir is a key driver of seed-associated microbial assemblages. Environ
Microbiol. 18, 1792–1180. doi: 10.1111/1462-2920.12977
Klironomos, J. N. (2002). Feedback with soil biota contributes to plant rarity and
invasiveness in communities. Nature 417, 67–70. doi: 10.1038/417067a
Kong, Z., and Glick, B. R. (2017). “The role of plant growth-promoting bacteria in
metal phytoremediation,” in Advances in Microbial Physiology, ed R. K. Poole
(Cambridge, MA: Academic Press), 97–132.
Kukkurainen, S., Leino, A., Vähämiko, S., Kärkkäinen, H. R., Ahanen, K., Sorvari,
S., et al. (2005). Occurrence and location of endophytic bacteria in garden and
wild strawberry. HortScience 40, 348–352. Available online at: http://hortsci.
ashspublications.org/content/40/2/348.full.pdf
Lebeis, S. L. (2014). The potential for give and take in plant–microbiome
relationships. Front. Plant Sci. 5:287. doi: 10.3389/fpls.2014.00287
Leitão, A. L., and Enguita, F. J. (2016). Gibberellins in Penicillium strains:
challenges for endophyte-plant host interactions under salinity stress.
Microbiol. Res. 183, 8–18. doi: 10.1016/j.micres.2015.11.004
Lindow, S. E., and Brandl, M. T. (2003). Microbiology of the phyllosphere
MINIREVIEW microbiology of the phyllosphere. Appl. Environ. Microbiol. 69,
1875–1883. doi: 10.1128/AEM.69.4.1875
Liu, Y., Bai, F., Li, N., Wang, W., and Cheng, C. (2017). Identification of endophytic
bacterial strain RSE1 from seeds of super hybrid rice Shenliangyou 5814 (Oryza
sativa L.,) and evaluation of its antagonistic activity. Plant Growth Regul. 82,
403–408. doi: 10.1007/s10725-017-0265-4
Liu, Y., Zuo, S., Zou, Y., Wang, J., and Song, W. (2013). Investigation on diversity
and population succession dynamics of endophytic bacteria from seeds of
maize (Zea mays L., Nongda108) at different growth stages. Ann. Microbiol.
63, 71–79. doi: 10.1007/s13213-012-0446-3
Lladó, S., and Baldrian, P. (2017). Community-level physiological profiling
analyses show potential to identify the copiotrophic bacteria present in soil
environments. PLoS ONE 12:e0171638. doi: 10.1371/journal.pone.0171638
López-López, A., Rogel, M. A., Ormeño-Orrillo, E., Martínez-Romero, J.,
and Martínez-Romero, E. (2010). Phaseolus vulgaris seed-borne endophytic
community with novel bacterial species such as Rhizobium endophyticum sp.
nov. Syst. Appl. Microbiol. 33, 322–327. doi: 10.1016/j.syapm.2010.07.005
Lucero, M. E., Unc, A., Cooke, P., Dowd, S., and Sun, S. (2011). Endophyte
microbiome diversity in micropropagated Atriplex canescens and Atriplex
torreyi var griffithsii. PLoS ONE 6:17693. doi: 10.1371/journal.pone.0017693
Luo, S., Xu, T., Chen, L., Chen, J., Rao, C., Xiao, X., et al. (2012). Endophyteassisted promotion of biomass production and metal-uptake of energy crop
sweet sorghum by plant-growth-promoting endophyte Bacillus sp. SLS18. Appl.
Microbiol. Biotechnol. 93, 1745–1753. doi: 10.1007/s00253-011-3483-0
Maehara, S., Agusta, A., Kitamura, C., Ohashi, K., and Shibuya, H. (2016).
Composition of the endophytic filamentous fungi associated with Cinchona
ledgeriana seeds and production of Cinchona alkaloids. J. Nat. Med. 70,
271–275. doi: 10.1007/s11418-015-0954-0
Mano, H., Tanaka, F., Watanabe, A., Kaga, H., Okunishi, S., and Morisaki, H.
(2006). Culturable surface and endophytic bacterial flora of the maturing seeds
of rice plants (Oryza sativa) cultivated in a paddy field. Microbes Environ. 21,
86–100. doi: 10.1264/jsme2.21.86
Marasco, R., Rolli, E., Ettoumi, B., Vigani, G., Mapelli, F., Borin, S., et al.
(2012). A drought resistance-promoting microbiome is selected by root
system under desert farming. PLoS ONE 7:48479. doi: 10.1371/journal.pone.00
48479
Mastretta, C., Taghavi, S., van der Lelie, D., Mengoni, A., Galardi, F.,
Gonnelli, C., et al. (2009). Enodphytic bacteria from seeds of Nicotiana

Frontiers in Plant Science | www.frontiersin.org

9

January 2018 | Volume 9 | Article 24

Shahzad et al.

Vertically Transmitted Endophytes in Seeds

Tahtamouni, M. E., Khresat, S., Lucero, M., Sigala, J., and Unc, A. (2016).
Diversity of endophytes across the soil-plant continuum for Atriplex spp. in
arid environments. J. Arid. Land. 8, 241–253. doi: 10.1007/s40333-015-0061-9
Tamura, R., Hashidoko, Y., Ogita, N., Limin, S. H., and Tahara, S. (2008).
Requirement for particular seed-borne fungi for seed germination and
seedling growth of Xyris complanata, a pioneer monocot in topsoil-lost
tropical peatland in Central Kalimantan, Indonesia. Ecol. Res. 23, 573–579.
doi: 10.1007/s11284-007-0411-y
Tayung, K., Sarkar, M., and Baruah, P. (2012). Endophytic fungi occurring in
Ipomoea carnea tissues and their antimicrobial potentials. Braz. Arch. Biol.
Technol. 55, 653–660. doi: 10.1590/S1516-89132012000500003
Truyens, S., Weyens, N., Cuypers, A., and Vangronsveld, J. (2015). Bacterial seed
endophytes: genera, vertical transmission and interaction with plants. Environ.
Microbiol. Rep. 7, 40–50. doi: 10.1111/1758-2229.12181
Vandenkoornhuyse, P., Quaiser, A., Duhamel, M., Le Van, A., and Dufresne, A.
(2015). The importance of the microbiome of the plant holobiont. New Phytol.
206, 1196–1206. doi: 10.1111/nph.13312
Vega, F. E., Pava-Ripoll, M., Posada, F., and Buyer, J. S. (2005).
Endophytic bacteria in Coffea arabica L. J. Basic Microbiol. 45, 371–380.
doi: 10.1002/jobm.200410551
Vejan, P., Abdullah, R., Khadiran, T., Ismail, S., and Nasrulhaq Boyce, A. (2016).
Role of plant growth promoting rhizobacteria in agricultural sustainability—a
review. Molecules 21:573. doi: 10.3390/molecules21050573
Verma, S. K., Kingsley, K., Irizarry, I., Bergen, M., Kharwar, R. N., and
White, J. F. (2017). Seed-vectored endophytic bacteria modulate development
of rice seedlings. J. Appl. Microbiol. 122, 1680–1691. doi: 10.1111/jam.
13463
Vujanovic, V., and Germida, J. J. (2017). Seed endosymbiosis: a vital relationship
in providing prenatal care to plants. Can. J. Plant Sci. 97, 972–981.
doi: 10.1139/cjps-2016-0261
White, J. F., Kingsley, K. I., Kowalski, K. P., Irizarry, I., Micci, A.,
Soares, M. A., et al. (2017). Disease protection and allelopathic
interactions of seed-transmitted endophytic pseudomonads of invasive
reed grass (Phragmites australis). Plant Soil. doi: 10.1007/s11104-0163169-6
Wiewióra, B., and Zurek, G., Panka, D. (2015). Is the vertical transmission
of Neotyphodium lolii in perennial ryegrass the only possible way to the
spread of endophytes? PLoS ONE 10:e0117231. doi: 10.1371/journal.pone.01
17231
Xu, M., Sheng, J., Chen, L., Men, Y., Gan, L., Guo, S., et al. (2014). Bacterial
community compositions of tomato (Lycopersicum esculentum Mill.) seeds and
plant growth promoting activity of ACC deaminase producing Bacillus subtilis
(HYT-12-1) on tomato seedlings. World J. Microbiol. Biotechnol. 30, 835–845.
doi: 10.1007/s11274-013-1486-y
Young, C. A., Hume, D. E., and McCulley, R. L. (2013). Forages and
pastures symposium: fungal endophytes of tall fescue and perennial ryegrass:
pasture friend or foe? J. Animal Sci. 91, 2379–2394. doi: 10.2527/jas.
2012-5951
Yue, C. C., Miller, J., White, J., and Richardson, M. (2000). Isolation and
characterization of fungal inhibitors from Epichloë festucae. J. Agric. Food
Chem. 48, 4687–4692. doi: 10.1021/jf990685q

Saini, R., Dudeja, S. S., Giri, R., and Kumar, V. (2015). Isolation,
characterization, and evaluation of bacterial root and nodule endophytes
from chickpea cultivated in Northern India. J. Basic Microbiol. 55, 74–81.
doi: 10.1002/jobm.201300173
Santoyo, G., Moreno-Hagelsieb, G., Orozco-Mosqueda Mdel, C., and Glick, B.
R. (2016). Plant growth-promoting bacterial endophytes. Microbiol. Res. 183,
92–99. doi: 10.1016/j.micres.2015.11.008
Schiltz, S., Gaillard, I., Pawlicki-Jullian, N., Thiombiano, B., Mesnard, F., and
Gontier, E. (2015). A review: what is the spermosphere and how can it be
studied? J. Appl. Microbiol. 119, 1467–1481. doi: 10.1111/jam.12946
Schulz, B., Boyle, C., Draeger, S., Römmert, A.-K., and Krohn, K. (2002).
Endophytic fungi: a source of novel biologically active secondary metabolites∗
∗ Paper presented at the British Mycological Society symposium on Fungal
Bioactive Compounds, held at the University of Wales Swansea on 22–27 April
2001. Mycol. Res. 106, 996–1004. doi: 10.1017/S0953756202006342
Shade, A., Jacques, M.-A., and Barret, M. (2017). Ecological patterns of seed
microbiome diversity, transmission, and assembly. Curr. Opin. Microbiol. 37,
15–22. doi: 10.1016/j.mib.2017.03.010
Shahzad, R., Khan, A. L., Bilal, S., Asaf, S., and Lee, I.-J. (2017a). Plant growthpromoting endophytic bacteria versus pathogenic infections: an example of
Bacillus amyloliquefaciens RWL-1 and Fusarium oxysporum f. sp. lycopersici
in tomato. PeerJ 5:e3107. doi: 10.7717/peerj.3107
Shahzad, R., Khan, A. L., Bilal, S., Waqas, M., Kang, S.-M., and Lee, I.-J.
(2017b). Inoculation of abscisic acid-producing endophytic bacteria enhances
salinity stress tolerance in Oryza sativa. Environ. Exp. Bot. 136, 68–77.
doi: 10.1016/j.envexpbot.2017.01.010
Shahzad, R., Waqas, M., Khan, A. L., Al-Hosni, K., Kang, S.-M., Seo, C.-W., et al.
(2017c). Indoleacetic acid production and plant growth promoting potential of
bacterial endophytes isolated from rice (Oryza sativa L.) seeds. Acta Biol. Hung.
68, 175–186. doi: 10.1556/018.68.2017.2.5
Shahzad, R., Waqas, M., Khan, A. L., Asaf, S., Khan, M. A., Kang, S.-M., et al.
(2016). Seed-borne endophytic Bacillus amyloliquefaciens RWL-1 produces
gibberellins and regulates endogenous phytohormones of Oryza sativa. Plant
Physiol. Biochem. 106, 236–243. doi: 10.1016/j.plaphy.2016.05.006
Shakya, M., Gottel, N., Castro, H., Yang, Z. K., Gunter, L., Labbé, J., et al.
(2013). A multifactor analysis of fungal and bacterial community structure in
the root microbiome of mature populus deltoides trees. PLoS ONE 8:76382.
doi: 10.1371/journal.pone.0076382
Shearin, Z. R. C., Filipek, M., Desai, R., Bickford, W. A., Kowalski, K. P., and Clay,
K. (2017). Fungal endophytes from seeds of invasive, non-native Phragmites
australis and their potential role in germination and seedling growth. Plant Soil.
2017, 1–12. doi: 10.1007/s11104-017-3241-x
Smith, S. A., Tank, D. C., Boulanger, L.-A., Bascom-Slack, C. A., Eisenman, K.,
Kingery, D., et al. (2008). Bioactive endophytes warrant intensified exploration
and conservation. PLoS ONE 3:e3052. doi: 10.1371/journal.pone.0003052
Sobolev, V. S., Orner, V. A., and Arias, R. S. (2013). Distribution of
bacterial endophytes in peanut seeds obtained from axenic and
control plant material under field conditions. Plant Soil 371, 367–376.
doi: 10.1007/s11104-013-1692-2
Sülü, S. M., Bozkurt, I. A., and Soylu, S. (2016). Bitki Büyüme Düzenleyici
ve Biyolojik Mücadele Etmeni Olarak Bakteriyel Endofitler. Mustafa Kemal
Üniversitesi Ziraat Fakültesi Dergisi 21, 103–111. Available online at: http://
dergipark.gov.tr/download/article-file/226513
Suman, A., Yadav, A. N., and Verma, P. (2016). “Endophytic Microbes in
Crops: Diversity and Beneficial Impact for Sustainable Agriculture,” in
Microbial Inoculants in Sustainable Agricultural Productivity, Vol. 1, Research
Perspectives, eds D. P. Singh, H. B. Singh, and R. Prabha (New Delhi: Springer),
117–143.
Sziderics, A. H., Rasche, F., Trognitz, F., Sessitsch, A., and Wilhelm, E.
(2007). Bacterial endophytes contribute to abiotic stress adaptation in
pepper plants (Capsicum annuum L.). Can. J. Microbiol. 53, 1195–1202.
doi: 10.1139/W07-082

Frontiers in Plant Science | www.frontiersin.org

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2018 Shahzad, Khan, Bilal, Asaf and Lee. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) or licensor are credited and that the original publication in this
journal is cited, in accordance with accepted academic practice. No use, distribution
or reproduction is permitted which does not comply with these terms.

10

January 2018 | Volume 9 | Article 24

