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3.1 Introduction

Since the 19th century and the discovery of 
endophytes, i.e. microbes living inside plants, 
efforts have been made to identify which 
 microbial taxa and assemblages inhabit plant 
tissues, depending on plant species and 
environmental conditions (Hardoim et al., 
2015). How the tissues are colonized, how 
the microorganisms are acquired from the 
environment and how they are transmitted 
from one generation to the next, and what 
influence they have on their hosts have been 
further revealed during the last decades 
(Compant et al., 2010; Brader et al., 2017; 
Kandel et al., 2017). While some colonizers 
are known as pathogenic, others have been 
acknowledged as mutualists (Lemanceau et al., 
2017). The latter are of special interest for 

agriculture as they can improve agroecosys-
tem health and productivity by alleviating 
abiotic stresses, reducing pathogen attacks 
and stimulating plant growth. A thorough 
understanding of the sources, niches and 
colonization routes of beneficial bacterial 
endophytes is required, however, for their 
successful application on crops and plantation 
forests (Turner et al., 2013).

Most research performed so far on bene-
ficial bacterial endophytes has focused on 
bacteria deriving from the rhizosphere and 
colonizing root tissues. However, other micro-
environments on the plant surfaces, such as 
the anthosphere, carposphere, spermosphere, 
phyllosphere, calusphere, caulosphere or 
laimosphere, can also host beneficial micro-
organisms and constitute entry points toward 
internal plant tissues (Compant et al., 2011, 
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Abstract
The plant individual is a holobiont as it hosts diverse microbial assemblages in and on vegetative, 
reproductive or disseminative organs. All plant compartments – roots, stems, leaves, flowers, fruits 
and seeds – have been shown to host microorganisms that can influence positively or negatively the 
plant performance. Some of these microorganisms thrive as endophytes inside plant tissues. Identi-
fying the environmental sources of these microorganisms and the route they take to colonize plant 
tissues, visualizing their niches within their hosts and understanding how they make intimate asso-
ciations with plants are of crucial importance to develop biocontrol and biofertilization approaches, 
both in organic and integrated protection systems. This chapter considers that the plant individual 
is part of a complex network of biotic interactions influenced by the environment in the phytobiome 
and provides a comprehensive review on the development of the interactions between plants and 
beneficial bacterial endophytes.
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2016; Vacher et al., 2016; Lemanceau et al., 
2017; Nelson et al., 2018). As plants interact 
both with their abiotic environment and 
complex communities of organisms (form-
ing the phytobiome; Beans, 2017; Leach 
et al., 2017), beneficial endophytes can also 
come from further ways, such as neighbour-
ing plants, and be transmitted by wind or 
animal vectors (Vacher et al., 2016). In this 
chapter, we first review the knowledge on 
below ground sources of colonization. We 
describe how the soil bacteria can reach the 
internal root tissues, and then eventually 
the above ground plant organs. We then review 
the knowledge on the above ground sources 
of colonization, which have been less studied 
so far. The colonization through natural 
openings in above ground vegetative organs 
and the role played by insect vectors are 
discussed. Finally, a focus on the coloniza-
tion of reproductive and disseminative organs 
(flowers, fruits and seeds) and the possibility 
of transmission of beneficial bacteria to the 
plant offspring is provided.

3.2 Below ground Colonization Routes

3.2.1 From soil to inside roots

The soil is the main reservoir for bacterial 
endophytes. Many bacterial endophytes 
originate from the rhizosphere, the micro-
environment surrounding roots, and are in-
fluenced by the presence of root exudates, 
rhizodeposits and microorganisms (Mendes 
et al., 2013). Up to 40% of the photosyn-
thates produced by the plant can be released 
in the rhizosphere, thereby attracting many 
microorganisms from the surrounding bulk 
soil (Lugtenberg and Kamilova, 2009). Some 
bacteria can further colonize specific zones of 
the root surfaces (i.e. the rhizoplane) as sin-
gle or several cells (Fig. 3.1A–C) or by form-
ing biofilms (Benizri et al., 2001). Advanced 
visualization techniques revealed that strains 
can form lines along the grooves between 
root cells, multiply on them and then enter 
plant root tissues between two rhizodermal 
cells (Compant et al., 2010; Fig. 3.1A–C). 
It has further been shown that Pseudomonas 
fluorescens 95rkG5 can colonize tomato roots 

in the root elongation zone (as single or div-
iding cells), in the root hair zone (as single or 
clustered cells) and in the collar zone, but 
not in the root tip zone (Gamalero et al., 2005). 
Other bacteria are able to colonize root tips 
before establishing subcommunities inside 
root tissues (Brader et al., 2017), as recently 
demonstrated for a strain isolated from 
grapevine plants and re-inoculated on in vitro 
plantlets (Lòpez- Fernàndez et al., 2016).

Bacterial endophytes can actively or pas-
sively penetrate root tissues, depending on 
the strain and the root zone being colonized 
(James et al., 2001; Mercado-Blanco, 2015). 
Several bacterial traits can favour endophyt-
ism, such as pili, flagella, fimbriae, nod factors, 
quorum sensing, cell-wall- degrading en-
zymes, twitching motility, lipopolysacchar-
ide, in addition to several traits required for 
rhizosphere competence (Compant et al., 
2010). Interestingly, some (non-nodulating) 
bacteria have been visualized colonizing the 
interior of root hairs. For instance, P. fluo-
rescens PICF7 and Pseudomonas putida PICP2 
were observed inside root hairs of olive trees 
(Prieto et al., 2011). Bacteria were detected 
as either single cells or clusters (colonies) 
attached to inner membrane structures of a 
few root hairs, before they reached the cor-
tical cell layers (Prieto et al., 2011). Once in-
side the rhizodermis, some bacteria colonize 
intercellular spaces while a few can be intra-
cellular inside the cortical cell layers. James 
et al. (2002) showed, for instance, that a 
strain of Herbaspirillum seropedicae entered 
the roots through cracks at the point of lat-
eral root emergence of rice plantlets. This 
strain subsequently colonized the root inter-
cellular spaces, aerenchyma and cortical cells, 
and a few cells penetrated the stele and en-
tered into the xylem vessels.

3.2.2 From roots to above ground organs

Some bacteria can further progress within 
root tissues. Some of them remain in the root 
cortex, while others can reach the endoder-
mis barrier and pass to the central cylinder 
up to the xylem vessels (Compant et al., 
2010; Fig. 3.1D). Once inside xylem vessels, 
some bacteria can pass from one element to 
the other (Fig. 3.1D) through the perforated 
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plates of the xylem vessels, thus coloniz-
ing the plant systemically (Compant et al., 
2005, 2008). For instance, Paraburkholderia 
phytofirmans strain PsJN was visualized 
from roots up to the infructescence tissues 
of grapevine plants, after being inoculated 

into the soil (Compant et al., 2008). In rice, 
Azorhizobium caulinodans ORS571 has been 
observed colonizing rice from the roots up 
to some leaves (Chi et al., 2005). In poplar, 
Pseudomonas sp. PopHV6 was found in cut-
tings 10 weeks after cutting inoculation 
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Fig. 3.1. Confocal microscopy photographs of bacteria (green fluorescent stained with Syto9®) colonizing 
root surfaces of a plant (A–B), or being inside root tissues (D), on leaf surfaces (E) and inner fruit tissues 
(F) of grapevine natural microbial communities (A–B, D–F) or salad inoculated with a beneficial strain (C).
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(Germaine et al., 2004). However, not all 
bacteria are able to migrate from below ground 
to above ground plant organs. A strain of 
Pantoea agglomerans 33.1 tagged with the gfp 
was not recovered from inside leaf tissues 
after seedlings inoculation but was found 
inside root and stem tissues of Eucalyptus 
grandis and the hybrid E. grandis × E. globulus 
(Ferreira et al., 2008).

It is not yet clear why some bacteria are 
attracted by xylem vessels. However, an 
interesting study by Malfanova et al. (2013) 
demonstrated that some sugar compounds, 
especially l-arabinose, were present as traces 
inside xylem vessels of cucumber plants. 
These sugars could enable survival inside xylem 
of some endophytes such as Pseudomonas 
spp. strains. The time for bacterial colonization 
of above ground plant organs, e.g. weeks or 
months (James et al., 2002; Compant et al., 
2005), suggests that the perforated plates 
slow down the spread of the endophytes. 
Nevertheless, some bacteria finally reach sub-
stomatal chambers in leaves, as they are close 
to xylem vessels inside leaf tissues (Compant 
et al., 2010). For instance, P. phytofirmans 
strain PsJN has been observed inside substo-
matal chambers of grapevine leaves after dis-
semination inside the plant (Compant et al., 
2005). The cells even exited from stomata to 
attack the fungal pathogen Botrytis cinerea 
growing on leaves (Miotto-Vilanova et al., 
2016). These observations suggest that the 
plant can select endophytes to improve its 
resistance to pathogen attacks (Berg, 2009). 
Other bacteria have been observed in sub-
stomatal chambers, such as the strain Z67 of 
H. seropedicae (James et al., 2001, 2002). How-
ever, in this case, the possibility of a bacterial 
colonization from the phylloplane was not 
excluded (James et al., 2001, 2002).

3.3 Above ground Colonization 
Routes

3.3.1 Colonization through stomata, 
other natural openings and wounds

Diversified bacterial assemblages thrive on 
the surface of the plant aerial organs. A multi-
tude of bacteria colonize the stem external 

environment and its surface, the caulosphere, 
the one from the bud, the calusphere, and the 
leaf one, the phyllosphere (Vorholt, 2012; 
Vacher et al., 2016). These above ground bac-
teria are less studied than those of the rhizo-
sphere and have long been neglected in plant 
ecology, despite substantial evidence of the 
link between phyllosphere microbial commu-
nities and crucial functional traits such as 
photosynthetic strategy, hydraulics, repro-
duction or defence (Rosado et al., 2018). For 
example, bacteria on the leaf surface can alter 
cuticular permeability and thus plant water 
loss through transpiration. They can also pro-
tect the plant against pathogens by competing 
with them or by priming the plant immune 
system (Remus-Emsermann and Schlechter, 
2018). Phyllosphere microorganisms can be 
deposited on the leaf surface by wind, rain-
water and irrigation water, or insects or they 
can colonize the flushing leaf after over-
wintering on twigs or in buds (Vacher et al., 
2016). Those that survive the selection exerted 
by the leaf microclimate and foliar traits can 
multiply and enter the tissues via stomata, 
hydathodes or wounds (Vorholt, 2012; 
Vacher et al., 2016; Fig. 3.1E). Caulosphere 
bacteria can colonize stem internal tissues 
through lenticels, or stomata present on 
photosynthetic stems (Hardoim et al., 2015; 
Brader et al., 2017). Recently, a FISH ana-
lysis showed the aggregation of Methylobac-
terium PA1 cells in the substomatal cham-
bers of Arabidopsis thaliana, after a phase of 
colonization of the phyllosphere (Peredo 
and Simmons, 2018). Another example of 
beneficial bacteria able to colonize the plant 
internal tissues through stomata is the nod-
ulating bacteria belonging to the genus 
Paraburkholderia. These bacteria induce the 
formation of leaf nodules in about 450 di-
cotyledonous plant species, mostly growing 
in the tropics. They do not fix nitrogen but 
produce secondary metabolites that protect 
plants from herbivory. These endophytic 
bacteria are obligate symbionts and are main-
tained in a mucilage layer in buds and colon-
ize young leaves through stomata. They are 
then transmitted to the plant offspring by 
colonizing inflorescences and then seeds 
(Pinto-Carbó et al., 2018).

The ability to colonize the leaf internal 
tissues from the leaf surface is restricted to 
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a few bacteria. Not all strains of non-patho-
genic bacterial species can thrive as endo-
phytes inside leaf internal tissues (Wilson 
et al., 1999; Sabaratnam and Beattie, 2003). 
Moreover, the penetration of bacteria into 
leaf internal tissues through stomata is a 
process regulated by both the plant and the 
environment. Stomata can close when patho-
genic bacteria are recognized by the plant, 
but this mechanism of plant defence is less 
effective when the relative humidity is high 
(Panchal and Melotto, 2018). Water on the 
leaf surface is  indeed a key factor of the colon-
ization process, since it influences both leaf 
physiology and the development of phyllo-
sphere microorganisms. Water promotes the 
diffusion of nutrients to the leaf surface, 
through the cuticle, and can form films that 
create a connection between the leaf surface 
and the substomatal chambers (Vacher et al., 
2016; Dawson and Goldsmith, 2018). Heat 
can also influence the efficiency of colonization. 
It has been shown to reduce the number of 
leaf nodules in tropical plant species (Pinto- 
Carbó et al., 2018). Symbiosis establishment 
should be considered therefore as a tripartite 
interaction between the plant, the endophytic 
bacterium and the abiotic environment.

3.3.2 Introduction by animal vectors

Endophytic bacteria can also be introduced 
into the internal tissues of above ground 
plant organs by insect herbivores. For example, 
the leafhopper Scaphoideus titanus, which 
feeds on phloem sap in vines, is known to 
transmit the phytoplasma responsible for 
flavescence dorée. It has recently been shown 
that it can also transmit endophytic bacteria 
from one plant to the other by feeding on 
stems. The endophytic bacteria are then able to 
spread from the stems to the roots (Lòpez- 
Fernàndez et al., 2017). Similar results were 
obtained for the phloem-sucking insect Hya-
lesthes obsoletus. This insect species carries a 
bacterial species capable of colonizing the 
phloem and reducing symptoms caused by 
phytoplasmas. Interestingly, this protective 
bacterium can be effectively introduced into 
vine plants by spraying the leaves with a bac-
terial culture, confirming that the leaves are 

a possible entry point for endophytic bacteria 
(Iasur-Kruh et al., 2018). Interestingly, the 
bacterium Propionibacterium acnes type Zappa 
has been observed further colonizing the 
bark, the pith, and xylem vessels of several 
grapevine plants using FISH microscopy. 
Its role is unknown, but it has established a 
subpopulation in grapevine since the neo-
lith period and has diverged from human- 
associated populations of P. acnes, suggesting 
that not only insects but also other animals 
(including humans) can introduce endophytes 
inside plants (Campisano et al., 2014).

3.3.3 Transmission from plants to plants

Plant individuals are usually not isolated. 
They live in association with other plant indi-
viduals, belonging or not to the same species. 
Neighbouring plants can be a reservoir of 
plant pathogens, but also a reservoir of 
beneficial endophytes. Samad et al. (2017) 
showed, for instance, that similar microbial 
taxa were associated to with vines and weeds 
growing in the same vineyard and that some 
taxa had beneficial properties such as auxin, 
siderophore and HCN production and also 
some properties that would be of interest for 
biocontrol approaches. More information is 
currently needed, however, on the possibil-
ity for direct and indirect (through vectors) 
transmission of endophytic bacteria from 
one plant to its neighbour and on the influ-
ence of phylogenetic relatedness between 
plant species on the rate of transmission.

3.4 Colonization of Reproductive 
and Disseminative Organs and 

Vertical Transmission

3.4.1 Colonization of flowers

Flowers, fruits and seeds were considered as 
sterile up to the 2000s (Hallmann, 2001) due 
to very few isolates that could be isolated 
and cultivated, but there is increasing evidence 
that they are also colonized by beneficial 
bacterial endophytes. Flowers host diversi-
fied microbial assemblages, and endophytic 
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bacteria have been visualized in their ovar-
ies, epidermis and xylem tissues. For instance, 
bacteria belonging to the Pseudomonas and 
Bacillus genera have been observed in grape-
vine flowers using FISH microscopy (Compant 
et al., 2011). Most of the bacterial colonizers 
of flowers derive from the anthosphere, 
the external microenvironment of flowers 
(Compant et al., 2011). Bacteria have been 
observed colonizing inner flower tissues 
through stomata present on the surfaces of 
preflower buds (Compant et al., 2011). 
Bacteria can also enter inside flower tissues 
throughout stigma, by using pollen as a vec-
tor (Escobar- Rodríguez et al., 2018). Fürnk-
ranz et al. (2012) showed, for instance, the 
presence of bacteria on pollen of pumpkin 
flowers. Ambika Manirajan et al. (2016) 
further visualized the presence of bacteria 
on pollen of birch, rye, rapes and autumn 
crocus. Pollen grains support diverse bacter-
ial communities, the composition of which 
depends on the plant species and pollination 
type (Manirajan et al., 2018). The role of 
these bacteria in the reproductive process 
and their ability to be transmitted vertically 
are, however, poorly understood. To date, 
only a few studies suggest a possibility of 
transmission of endophytic bacteria from 
pollen to offspring (reviewed by Franck 
et al., 2017). It is highly possible that pollin-
ator insects also transport bacteria from 
flower to flower, and some bacteria could 
then penetrate into plant tissues (Junker 
et al., 2011).

3.4.2 Colonization of fruits

Bacteria have been observed in the pericarp 
zones of fruits, corresponding to exo-, meso- 
and endocarp tissues (Fig. 3.1E). A differen-
tial colonization was revealed, depending on 
strains, taxa and preflower colonization sites 
(Glassner et al., 2015). These authors stud-
ied the colonization routes of native bacteria 
within fruits of several Cucurbitaceae and 
suggested that they derive from flowers. 
Some of these strains have biocontrol prop-
erties against melon pathogens (Glassner 
et al., 2015). Fruits can also have microwounds 
due to external factors such as insects or 

wind, allowing some carpospheric and car-
poplane microorganisms to endophytically 
colonize fruits. Some bacteria can further de-
rive from the soil as they have been visualized 
inside xylem vessels albeit the soil being not 
the most important source of colonization of 
flowers and fruits (Compant et al., 2011).

3.4.3 Colonization of seeds  
and transmission of endophytic  
bacteria to the plant offspring

Bacteria have been visualized inside seeds as 
well, both inside the embryo (in the cotyle-
don and the root-hypocotyl tissues) and in 
the seed coat (Escobar-Rodríguez et al., 2018; 
Glassner et al., 2018). For instance, Compant 
et al. (2011) located bacteria by FISH ana-
lyses inside the tegument of seeds of grape-
vine. Non-culturable endophytic bacteria 
were also detected in seeds of cactus Mam-
millaria fraileana by scanning electron mi-
croscopy, and FISH enabled to locate bacteria 
inside the seed coat and embryo (Lopez et al., 
2011). Glassner et al. (2018) further visual-
ized bacteria inside the seed coat, cotyledon 
and root-hypocotyl tissues of melon seeds, 
and Escobar-Rodríguez et al. (2018) also 
described the presence of bacteria inside 
tomato seeds, especially on the root surface 
of the embryo, the cotyledon and the seed coat. 
Similar findings were obtained for kernels of 
wheat (Escobar-Rodríguez et al., 2018) and 
other plants such as Anadenanthera colubrina 
(Alibrandi et al., 2018).

These seed endophytes can derive from 
the tissues of either flowers or fruits, depend-
ing on their location. Bacteria present inside 
the seed coat might derive from the fruit 
and colonize the seed when it is still imma-
ture. Bacteria inside the cotyledon and 
root-hypocotyl embryo might derive from 
the colonized ovule at flowering. This could 
be the same for the perisperm/endosperm 
envelope surrounding the embryo. This thin 
layer can be massively colonized by bacteria 
as it is rich in nutritive compounds that can 
be used by bacteria (Glassner et al., 2018), 
and we can expect that among all bacteria 
some could be beneficial for their hosts.
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Interestingly, the routes of colonization 
from flowers to seeds have been further re-
vealed by using a beneficial strain of P. phyto-
firmans. This strain, PsJN, has been found in 
seeds (including the embryo) of cereals and 
other plants after flower inoculation (Mitter 
et al., 2017) and can promote plant growth 
of the offspring. However, the strain was not 
recovered in the seeds of the offspring. This is 
not surprising, however, as different sources 
of colonization exist, and due to various 
environmental conditions and plant status, 
different routes of colonization can lead to 
different bacterial assemblages inside seeds 
(Escobar-Rodríguez et al., 2018). Seeds har-
bour, however, a core microbiome with some 
bacteria being transmitted from one gener-
ation to the next with some of them helping 
the new plant generation (Nelson, 2018).

Once seeds reach the soil and germinate, 
some bacteria present from the soil can col-
onize the spermosphere, the microenviron-
ment surrounding the seed once the seed 
has germinated. Similar to the rhizosphere, 
this zone contains exudates and other com-
pounds attracting microbes (Nelson, 2018). 
After colonizing the spermoplane, the micro-
bial colonizers then can enter inside plant 
tissues at the root, stem and crown levels 
using the same routes described before from 
the soil to inner root tissues. Bacteria have 
been also visualized as entering breaches 
due to stem and root development from the 
seeds. However, some bacteria can also exit 
from the seed when it germinates and colon-
ize the soil surrounding the plant. Yang et al. 
(2017) showed that the seed microbiota has 
an early impact on the soil microbiota com-
position, while later on other colonizers 
replace the original population. They also 
demonstrated that some seed endophytes, 
belonging to the Enterobacteriaceae and Pae-
nibacillaceae families, were abundant in plant 
roots in axenic systems but became less abun-
dant when plants were grown in natural soil. 
Recently, Rahman et al. (2018) showed, with 
a FISH approach on young roots of barley 
plants grown under sterile conditions and 
from surface-sterilized seeds, a dense bacter-
ial colonization from the root tip to the root 
hair zone after germination, suggesting the 
vertical transmission of some bacteria.

3.5 Conclusions

Microorganisms isolated from the internal 
tissues of plants (that are endophytes) have 
long been considered as a contaminant. 
However, several decades of research dem-
onstrated that these endophytes readily 
interact with the plant host and may or may 
not improve its performance,  depending 
on the physiological and genetic status of 
the plant, the microorganism, soil character-
istics and the abiotic environmental condi-
tions. Albeit some of them could be beneficial 
for the plant, many bacterial endophytes do 
not provide the expected beneficial effects 
once applied in the field, due to screening 
bias or ineffective colonization caused by 
non-appropriate environmental conditions 
and microhabitats (Compant et al., 2010). 
A current challenge is to place the beneficial 
bacteria at the right place and time to improve 
agroecosystem health and productivity. 
To  do so, knowledge on the environmental 
sources of beneficial bacteria, their routes of 
colonization and their niches within the 
plant is required. Here, we showed that 
beneficial bacterial endophytes can derive 
from the soil, the surfaces of flowers, fruits 
and seeds and can be also transmitted by 
insects and other animals, other plants and 
humans. Interestingly, some bacterial endo-
phytes originate from the soil, enter into 
the internal tissues of plant roots and then 
move up to the aerial plant organs through 
xylem vessels. These bacteria constitute a 
functional linkage between the below ground 
and above ground subsystems that should 
be included in future network analyses 
aimed at predicting the response of phytobi-
omes to global change (Ramirez et al., 2018). 
Overall, future research on beneficial bacter-
ial endophytes should take into account the 
various components of phytobiomes. It should 
go beyond the understanding of the molecu-
lar interactions enabling the plant to recog-
nize the bacterial endophytes and of the 
mechanisms enabling the bacteria to benefit 
the plant. Research at the community and 
ecosystem levels is needed. For instance, the 
environmental reservoirs of beneficial bac-
terial endophytes should be better explored. 
The impact of the abiotic environment on 
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the success of colonization and on the out-
put of the interaction should be further bet-
ter assessed.
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