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METHOD FOR PRODUCING PLANT SEED
CONTAINING ENDOPHYTIC
MICRO-ORGANISMS

[0001] The present invention relates to the production of
plant seeds comprising endophytes.

[0002] In spite of limited arable land coupled with rising
demand of a steadily increasing human population which
could hit 9 billion by 2050, food supply 1s a global challenge
making production of economically attractive and high qual-
ity food, free from unacceptable levels of chemicals, a dire
need. The use of microorganisms with the aim of improving,
plant growth and health 1s an important practice and neces-
sary for agriculture.

[0003] During the past couple of decades, plant growth
promoting rhizobacteria (PGPR) have received worldwide
importance and acceptance in agricultural practice. These
microorganisms are the potential tools for sustainable agri-
culture because they not only ensure the availability of essen-
t1al nutrients to plants but also enhance the nutrient use etfi-
ciency.

[0004] Endophytic bacteria may in future be even more
important than rhizosphere bacteria 1 promoting plant
growth because they escape competition with rhizosphere
microorganisms and establish a more intimate contact with
plant tissues. In addition, the inherent nature of certain endo-
phytes to potentially colonize plants 1n a systematic manner
provides a novel approach as a delivery system to plants for
various beneficial traits.

[0005] Bacterial mechanisms of plant growth promotion
include biological mitrogen fixation (BNF), synthesis of phy-
tohormones and vitamins, environmental stress relief, syner-
g1sm with other bacteria-plant interactions, inhibition of plant
cthylene synthesis, as well as increasing availability of nutri-
ents like phosphorus, 1ron and other micro-elements, and
growth enhancement by volatile compounds.

[0006] Numerous application strategies have been used for
PGPR/endophytic bacteria at the experimental levels, rang-
ing from seed treatment and so1l application to stem 1njection
and foliar spray. Seed treatment (soaking and embedding 1n
carrier material) with bacterial inocula prior to sowing is the
traditional, most commonly used and easiest means of 1nocu-
lation. Peat (carrier based mixing) inoculants have been the
standard for the inoculation industry; however, several other
commercial preparations have been marketed. Crop Genetics
International Ltd. developed a seed inoculation technique by
applying a pressure differential to infuse the bacterial suspen-
s10n 1nto 1imbibed seeds and re-drying the seeds (U.S. Pat. No.
5,415,672 A).

[0007] To get benefits from bacterial 1nocula, 1t 1s crucial to
apply (techmique and timing) bacterial 1nocula 1 a viable
way. In addition, 1t 1s equally important that the microorgan-
1sms remain viable during several months of seed storage and
are easily activated and colonize the plant environment. How-
ever, by using conventional methods (carrier based, liquid
broth and soil application; see also: U.S. Pat. No. 7,084,331
B2, U.S. Pat. No. 7,906,313 B2, U.S. Pat. No. 7,037,879 B2),
the viability of bacteria 1s subjected to the hazards of drying,
tertilizer contact, seed coat toxicity, incompatible pesticidal
and mineral additives. Besides this, several soi1l and environ-
mental stresses affect the survival/colonization efficiency of
the 1oculant strains. Bacterial population density, the host
plant species, agronomic practices and climatic conditions
are among the important factors for the success of biological
plant fertilization. Examples for use of endophytes as plant
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growth enhancers, bio-pesticides, pathogen treatment or pest
tolerance agents are disclosed e.g. in WO 00/29607 Al, WO

2011/117351 A1, WO 2010/115156 A2, WO 2007/107000
A1, WO 2007/021200 A1, US 2012/144533 A1, U.S. Pat. No.
4,940,834 A, CA 2562175 Al and WO 2011/082455 Al.

[0008] With current 1noculation methods, however, coloni-
sation of the plants with the desired endophytic microorgan-
1sms 1s difficult and often not reproducible, which makes 1t
difficult to apply this technology on an industrial scale. For
example, microorganisms used in seed coating often do not
survive well or are unable to colonize the plant (because the
microorganisms on the outside cannot enter the seed or plant).
If the plant 1s mechamically (or otherwise) wounded to pro-
vide an entry, this puts the health of the seed, seedlings or
plant atrisk, because harmful microorganisms could enter the
plant as well 1n an unprotected manner. Moreover, even 1f the
microorganisms can colonise a given plant, there can be a
natural loss of viability and the efficiency of colonization can
be low. More complex inoculation techniques (e.g. by apply-
ing vacuum or pressure infiltration, moculation by 1njection,
etc.) are also causing risk for the plant and are—most impor-
tantly—mnot transierable to a large scale or industrial applica-
bility and are therefore not etfiective.

[0009] Itis an object of the present invention to provide an
improved method for producing seeds containing endophytic
microorganisms. The method should provide seeds with a
reproducible and defined composition of endophytic micro-
organisms enabling the growth of plants with the desired
properties due to the presence of such endophytic microor-
ganisms. It 1s another object to provide methods for introduc-
ing endophytic microorganisms into plant seeds for microor-
ganisms that are not or are not necessarily occurring 1n seeds.

[0010] Therefore, the invention provides a method for pro-
ducing plant seed containing endophytic microorganisms
which 1s characterised by the following steps:

[0011] contacting a flowering plant with a preparation of
endophytic microorganisms, whereby the endophytic micro-
organisms enter the plant via the flowers and are conveyed to
seed produced by the plant; and

[0012] obtamning the plant seed contaiming endophytic
microorganisms irom the plant.

[0013] The term “‘endophyte” means—in its broadest
meaning—the location of an organism, with “endo™ means
“mmside” and “phyte” means “‘plants”. Therefore, endo-
phyte—in 1ts broadest meaning—refers to organisms that live
within plants. Fungi and bacteria are the most common organ-
1sms associated with the term endophyte.

[0014] Animportant feature of endophytic microorganisms
1s that they occupy internal tissues of plants without causing
substantive damage to their hosts. In many cases endophytes
are responsible for conferring one or more advantages to the
plant. For the present invention, an “endophytic microorgan-
1sm’ 1s defined 1n this usual way: as a microorganism that
lives within a plant and 1s responsible for plant beneficial
elfects, for example tolerance to drought, metals, disease (e.g.
increasing resistance to pathogens and parasites), and her-
bivory, and/or growth promotion and nutrient acquisition,
production of phytohormones, antibiotics (protection against
microorganisms being harmiul for seeds and plants) or sid-
erophores, pesticides; promoting biological nitrogen fixation,
etc. (as some (of many) examples: chilling tolerance
(Burkholderia), salinity stress (Achrobacter, Azospirillum),
tolerance to drought (Burkholderia, Pantoea), metals, disease
(Bacillus, Pseudomons, Xanthomonas), growth promotion




US 2015/0335029 Al

(Azospirillum, Azotobacter, Bacillus, Burkholderia, Entero-
bacter, Klebsiella, Pantoea and Pseudomonas) and nutrient
acquisition (Pseudomonas, Bacillus, Rhizobium, Micrococ-
cus, Flavobacterium, Burkholderia, Achromobacter

Erwinia, and Agrobacterium) (U.S. Pat. No. 7,906,313 B2)).

[0015] Endophytic organisms associated with plants are
varied and complex. Endophytic microbes occupy arelatively
privileged niche within a plant and frequently contribute to
plant health or growth. Co-evolution may exist between endo-
phytes and their host e.g. 1 resisting to environmental
stresses. Endophytes have been targeted as valuable sources
of new bioactive compounds. Endophytes inhabit plant tis-
sues, particularly the socalled intercellular space, space
between cells. Endophytic microorganisms have been found
in virtually every plant studied, where they colonize the inter-
nal tissues of their host plant and can form a range of different
relationships imncluding symbiotic, mutualistic, commensal-
1stic and trophobiotic. Most endophytes appear to originate
from the rhizosphere or phyllosphere; however, some may be
transmitted through the seed. Endophytic microorganisms
can promote plant growth and yield and can act as biocontrol
agents. Endophytes can also be beneficial to their host by
producing a range of natural products that are not only ben-
eficial to the plant but could also be harnessed for potential
use 1n medicine, agriculture or industry. In addition, it has
been shown that they have the potential to remove soil con-
taminants by enhancing phytoremediation and may play a
role 1n soil fertility through phosphate solubilisation and
nitrogen fixation. There 1s increasing interest in developing
the potential biotechnological applications of endophytes for
improving phytoremediation and the sustainable production
of non-food crops for biomass and biofuel production.

[0016] The method according to the present invention uses
a completely new and diligent way for introducing endo-
phytes 1nto plants which turned out in the course of the
present invention to be very effective, yet without harming the
plants or seeds during or after inoculation. Applying the
microorganisms to the flowering plants uses a natural entry
into the plant which introduces the endophyte 1n an efficient
manner into the next generation plant seeds. Within the
course of the present invention it also turned out that when the
microorganisms are applied to the plant at the time of flow-
ering (e.g. by simple spraying), the microorganisms get entry
when grain formation starts and establish populations inside
the seed. The method of the present invention can facilitate
the crop productivity by enhancing germination, seedling
vigour and biomass 1n comparison with non-treated control.
Moreover, the mtroduction of the beneficial microorganisms
inside seed instead of external application by e.g. seed coating
makes the mocula less susceptible to environmental pertur-
bation and better compatible to chemical seed coatings (pes-
ticides and herbicides). Using bacterial colonized seeds, the
plant growth and biomass are statistically similar as the con-
ventional moculation method e.g. exogenous seed soaking,
and so1l moculation (that are more laborious and less practi-
cable 1n certain circumstances).

[0017] Accordingly, the present invention provides a new
concept of applying endophyte strains for improved plant
growth and vitality—the integration of the bacteria or fungus
strain inside the plant seed. The microorganisms are e.g.
sprayed on the parent tlowering plants, enter the plants and
colonize the emerging seeds. The microorganisms may also
be applied by specific mstruments to the tlower, e.g. by a
spatula, a syringe or an inoculating loop. Another preferred
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embodiment for adminmistering the endophytes to the flower of
a plant 1s performed by employing pollen-feeding insects,
preferably humble-bees, that carry the endophytic microor-
ganisms. Such insects (besides humble-bees also honey-bees,
buttertlies, some wasp and tly species or other “pollinators™
may be used) can even be provided from commercial sources
and contacted with the endophytes betfore they are released to
contact the flowering plants. The microorganisms are prefer-
ably provided at a body part of these insects that has the
highest probability to contact the flower of the plant (e.g. the
legs or the ventral part of the body).

[0018] By planting the internally colonized seeds the endo-
phytes get activated and proliferate and colonize the offspring
generation plants. Internally colonized seeds may result (de-
pending on the nature of the endophyte) 1n improved biomass
production and plant vitality 1in the subsequent plant genera-
tion. The positive effects are at least comparable (1if not
improved) to that observed after external application of endo-
phytes, but makes the inocula less susceptible to environmen-
tal perturbation and better compatible to chemical seed coat-
ings (pesticides and herbicides). With the present invention 1t
1s also possible to introduce endophytes into seeds that are not
or are not necessarily present 1n seeds. Virtually any kind of
endophytes can be introduced into seeds by the method
according to the present, provided that these endophytes have
at least a basic power to establish themselves 1n the seeds.

[0019] None of the prior art methods, especially not the
methods disclosed in WO 00/29607 A1, WO 2011/117351
Al, WO 2010/115136 A2, WO 2007/107000 A1, WO 2007/
021200 A1, US 2012/144533 A1, U.S. Pat. No. 4,940,834 A,
CA 2562175 Al and WO 2011/082455 A1, aim at providing
methods for providing seeds comprising selected endo-
phytes. The main goal of these methods according to the prior
art 1s always the provision of the endophytes to the very plant
treated and not—as 1n the present invention—+to supply a
mother plant with the endophytes of interest and to obtain
endophyte containing seeds from this mother plant for rising
daughter plants already containing the endophytes and,
optionally, passing the endophytes further to theirr own
daughter generation. Accordingly, the technology provided
with the present invention can provide seeds with completely
novel characteristics, e.g. having a unique set-up of endo-
phytes (for example by having one single endophyte species
being predominantly present in the seeds (e.g. representing
more than 50%, or more than 70% or even more than 80% of
the total of endophytes 1n the seed)).

[0020] Suitable plants include both monocots and dicots
(1including eudicots) that can be colonized by the endophytic
microorganisms according to the present invention. Of
course, the plant has to be a flowering plant (angiosperm) 1n
order to transtier the microorganisms to the plant in the course
of the flowering phase. The resulting seeds contain the 1nocu-
lated endophytes 1n an elficient concentration. Plants grown
from such seeds contain the endophytes and the beneficial
properties of the endophyte can develop 1n the seeds or plants.
Accordingly, the plants arising from such seeds—wherein the
endophyte can express 1ts beneficial function to the plant—
may be at any stage of growth, including seeds, seedlings, or
tull plants. The present mvention 1s therefore not simply
about spraying the microorganisms to a given plant (or seed)
in order to provide the beneficial endophytic effect to this
plant, but 1t provides a method which safeguards presence of
endophytes 1n the seeds generated from this plant and there-
fore for the next generations of the plant. This essentially
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differs from all moculation strategies applied before (seed
impregnation, spraying the microorganisms to the seeds,
germs or the whole plants), because the present method deals
with the production of seeds which contain a reproducible
endophyte set-up.

[0021] Inapreferred embodiment, the target plant 1s a plant
of the family Graminae (grasses). The grass plants into which
these endophytes are introduced may be any of the usetul
grasses belonging to the genuses Agropyron, Agrostis, Andrvo-
pogon, Anthoxanthum, Arrhenatherum, Avena, Brachypo-
dium, Bromus, Chloris, Cynodon, Dactylis, Elvmus, Evagros-
tis, Festuca, Glyceria, Hierochloe, Hovdeum, Lolium, Oryza,
Panicum, Paspalum, Phalaris, Phleum, Poa, Setaria, Sor-
ghum, Triticum, Zea and Zoysia.

[0022] In a preferred embodiment, the target plant is
selected from the wheats, including, Triticum monococcum,
Triticum turgidum, T1riticum timopheevi (Timopheev’s
Wheat) and Triticum aestivum (Bread Wheat).

[0023] In another preferred embodiment, the target plant 1s
a cormn ol the genus Zea. Zea 1s a genus of the family
Gramineae (Poaceae), commonly known as the grass family.
The genus consists of some four species: Zea mays, cultivated
corn and teosinte; Zea diploperennis 1ltis et at., diploperen-
nial teosinte; Zea luxurians (Durieu et Asch.) Bird; and Zea
perennis (Hitchc.) Reeves et Mangelsd., perennial teosinte.

[0024] Other useful grasses which may be used on an
industrial basis are rye grasses and bluegrasses. Bluegrasses
known 1n the art include Kentucky bluegrass, Canada blue-
grass, rough meadow grass, bulbous meadow grass, alpine
meadow grass, wavy meadow grass, wood meadow grass,
Balforth meadow grass, swamp meadow grass, broad leaf
meadow grass, narrow leal meadow grass, smooth meadow
grass, spreading meadow grass and flattened meadow grass.

[0025] In a preferred embodiment, the plants for which
seeds are produced by the method according to the present
ivention are dicots, including eudicots such as tomato,
watermelon, squash, cucumber, strawberry, pepper, soybean,
peanut, Brassicaceae, especially rape, sunflower, sugar beet,
cotton, alfalfa and arabidopsis.

[0026] Accordingly, the plant i1s preferably selected from
the group of Graminae (grasses), prelerably grasses of the
genuses Agropyron, Agrostis, Andropogon, Anthoxanthum,
Avrhenatherum, Avena, Brachypodium, Bromus, Chloris,
Cynodon, Dactyvlis, Elyvmus, Evagrostis, Festuca, Glyceria,
Hiervochloe, Hordeum, Lolium, Oryvza, Panicum, Paspalum,
Phalaris, Phleum, Poa, Setaria, Sovghum, Triticum, Zea,
especially Zea mays, cultivated corn and teosinte, Zea diplo-
perennis Iltis et at., diploperennial teosinte, Zea luxurians
(Durieu et Asch.) Bird; and Zea perennis (Hitchc.) Reeves et
Mangelsd., perennial teosinte. and Zoysia; wheats, preferably
Triticum monococcum, Iriticum turgidum, 1riticum
timopheevi (Timopheev’s Wheat) and Triticum aestivum
(Bread Wheat); preferably rye grasses and bluegrasses, espe-
cially Kentucky bluegrass, Canada bluegrass, rough meadow
grass, bulbous meadow grass, alpine meadow grass, wavy
meadow grass, wood meadow grass, Balforth meadow grass,
swamp meadow grass, broad leal meadow grass, narrow leaf
meadow grass, smooth meadow grass, spreading meadow
grass and flattened meadow grass; dicots, preferably eud-
icots, especially tomato, watermelon, squash, cucumber,
strawberry, pepper, soybean, peanut, Brassicaceae, especially
rape, suntlower, sugar beet, cotton, alfalfa and arabidopsis.

[0027] The method according to the present invention 1s
specifically suitable for providing seeds of transgenic plants.
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By the present invention, transgenic plants are obtainable
that—besides their advantageous properties provided by the
transgene—also contain “tailored” endophyte properties that
can selectively be construed and provided by the present
ivention.

[0028] According to a preferred embodiment of the present
method the endophytic microorgamism 1s an endophytic bac-
terium, preferably selected from Burkholderia, Rhizobium,
Bradyrhizobium, Mesorhizobium, and Sinorhizobium,
Herbaspirillum, Azospivillum, Acetobacter, Arthrobacter,
Bacillus, Paenibacillus, Streptomyvces, Enterobacter, and

Pseudomonas, Pantoea and Enterobacter, especially
Burkholderia phyvtofirmans.
[0029] According to another preferred embodiment, the

endophytic microorganism 1s an endophytic fungus, prefer-
ably selected from Curvularia, Mycorrhiza, Pififinospora,
Trichoderma, and Colletotrichum.

[0030] In a preferred embodiment according to the present
invention, contacting the tlower of a plant with a preparation
of endophytic microorganisms 1s performed via spraying the
microorganisms at the time of flowering. Spraying is specifi-
cally usetul 1n an industrial production method. Other meth-
ods include the 1noculation by brushing, by an inoculating
loop, by applying droplets, etc.; however, spraying can be
casily automated, e.g. 1n glasshouse cultures.

[0031] Inoculation 1s done by applying the culture of the
endophyte to the flowering plant. It 1s recommendable to
sateguard conditions which are favourable to the microorgan-
1sms used. The microorgamisms are usually applied 1n sus-
pension at a suitable concentration. Accordingly, it 1s pre-
terred to contact the flower of a plant with a preparation of
endophytic microorganisms by applying the microorganisms
in a suspension of 10° to 10'° cfu/mL, preferably of 107 to 107
cfu/mL, especially of 10° to 10” cfu/mL.

[0032] The seeds obtained by the present method can be
treated like normal seeds. The beneficial properties (the endo-
phytes) remain saiely packed inside the seed preventing the
exposure of hazards from outside (which usually causes dam-
age to cultures which are applied when the seeds are only
coated). Accordingly, the seeds may be stored for consider-
able time without significant loss of their endophytic activity.
Preferably, the plant seed obtained by the present method
containing endophytic microorganisms from the plant is
stored for at least 1 month, preferably for at least 3 months,
especially for at least 6 months.

[0033] Also much longer storage times are, of course, pos-
sible for the seeds produced according to the present inven-
tion. It 1s therefore also preferred that the plant seed obtained
by the present method containing endophytic microorgan-
1sms from the plant1s stored for at least 12 months, preferably
for at least 2 years, especially for at least 3 years.

[0034] The method according to the present invention 1s
suitable for providing virtually any endophyte-containing
seed, because the transfer of the microorganisms from the
flower to the seed 1s a way with low hazard exposure (to plant
and endophyte). It 1s specifically suitable for producing seeds
with an endophyte which 1s 1 principle known to naturally
proliferate 1n plants, especially in the given plant, 1.€. a “natu-
rally obtainable endophyte”. These endophytes are derivable
from natural sources from the same plant type or from other
plant types. According to a preferred embodiment, the endo-
phytic microorganism 1s therefore a naturally obtainable
endophyte.
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[0035] It 1s also possible to use the present method for
providing seeds with artificially created or optimised micro-
organisms, €.g. recombinantly engineered bacteria or fungi;
or strains which have been optimised by various culture tech-
niques and/or selection rounds. Another preferred embodi-
ment of the present invention 1s therefore to use a recombi-
nantly produced bacterium as the endophytic microorganism.

[0036] As already mentioned, the seeds obtained by the
present method can be further processed 1n usual ways. For
example, 1t can be treated with various substances which
turther promote the plants to be produced from the seeds, e.g.
by impregnating the seeds with growth promoting agents or
other chemicals beneficial for plant health, such as herbi-
cides, pesticides, antibiotics, etc. It 1s, of course, also possible
to provide a coating with further (or the same) endophytic
microorganisms as the microorganism according to the
present invention. According to a preferred embodiment of
the present invention, the obtained plant seed containing
endophytic microorganisms 1s therefore subjected to a seed
impregnation step.

[0037] Thisinvention also relates to the seeds obtainable by
the method according to the present invention which show—
compared to seeds according to the prior art—a unique endo-
phyte set-up.

[0038] According to a preferred embodiment, the present
invention provides seeds which can be grown to plants that
are improved (compared to the wild type plants) with respect
to stress tolerance. “Stress™ 1n this context may be an envi-
ronmental stress, including, high temperature, drought, met-
als and metal 1ons, which cause a variety of plant problems
and/or death, and abnormal pH (including both acidic and/or
alkaline). With the seeds produced by the present invention
plants can be obtained that have reproducibly improved stress
resistance, e.g. at least about a 5, 10, 20, 25 and 50% change
in thermotolerance, at least about a 5, 10, 20, 25 and 50%
change in drought tolerance, at least abouta 35, 10, 20, 25 and
50% change 1n metal tolerance, or atleast abouta 5, 10, 20, 25
and 50% change 1n pH tolerance (each as measured according
to U.S. Pat. No. 7,906,313 B2, and compared to controls
without the method according to the present invention
applied).

[0039] According to a preferred embodiment, the seeds
according to the present invention can be grown to plants with
increased growth. Growth enhancement 1s generally mea-
sured as a comparison of plants cultured from seeds made
according to the present invention with control plants lacking
this endophyte composition. Differences in plant size, includ-
ing leat, root and stems are generally measured by weight,
with increased growth being measured as at least about an at
least 2% difference, preferably an at least 3% difference
(which can already be regarded as a very significant gain 1n
yield. Even more preferred, in some instances, a 5-10% dii-
terence between control plants and the plants grown from the
seeds according to the present invention may be obtained,
with at least about a 25% difference being specifically pre-
ferred.

[0040] The method according to the present invention
ecnables the creation of completely new seeds/endophyte
combinations. One of the most significant properties of pre-
terred seeds obtainable by the present invention 1s the possi-
bility to provide predominant endophyte populations in the
seeds. Normally, seeds containing endophytes contain a
diverse population of many different endophytic microorgan-
1sms with usually more than 10 or even more than 20 different
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identifiable culturable strains (or even more than 30)(but none
of these strains being predominant), the method according to
the present mvention enables the production of seeds with a
predominant species of endophytic microorganism. Accord-
ingly, preferred seed preparations which are provided by the
present invention contain seeds having an endophytic micro-
organism population wherein more than 30%, preferably
more than 40%, especially more than 50%, of the endophytic
microorganisms represent the moculant strain. This means
that most (more than 50%, preferably more than 60%, espe-
cially more than 70%) of the seeds in the preparation contain
more than 30%, preferably more than 40%, especially more
than 50%, endophytic microorganisms comprising the imnocu-
lant strain.

[0041] It 1s even possible to provide a seed preparation
containing seeds, wherein more than 60%, preferably more
than 70%, more preferred more than 80%, especially more
than 90%, endophytic microorganisms of a single species (the
endophytic microorganism of the inoculant strain). This
enables the production of seeds containing e.g. more than
60%, preferably more than 70%, especially more than 80%,
of the applied endophytic strain (e.g. within a single field).

[0042] A specific embodiment of the present invention 1s
therefore a seed preparation obtainable by a method accord-
ing to the present method.

[0043] According to a preferred embodiment, the present
invention provides a seed preparation containing seeds hav-
ing more than 30%, preferably more than 40%, especially
more than 350%, of the endophytic microorganisms are
Burkholderia phyvtofirmans, especially Burkholdervia phyto-
firmans PsIN (DSM17436); Pantoea sp. FD17 or Paeniba-

cillus sp. S10., Actinobacter sp. S9, Bradyrhizobium sp.
NC92 and Bradyrhizobium japonicum TAL379.

[0044] The present invention also provides seeds obtain-
able by the method according to the present invention with
unique characteristics, e.g. with a predominant endophyte
species as disclosed above. A preferred embodiment of the
present invention 1s therefore drawn to seeds, especially
maize seeds, obtainable by a method according to the present
invention, wherein the endophytic microorganisms are pret-
erably present in a population density of 10° to 10° cfu/g fresh
weilght.

[0045] According to a preferred embodiment, the present
invention provides maize seed obtainable by a method
according to the present invention, preferably wherein the
endophytic microorganisms are Burkholderia phytofirmans,
especially in a population density of 10° to 10° cfu/g fresh
weight of seed. It 1s known that 1n maize, usually the viable
population densities are much lower (for sweet corn, it was
reported that such concentrations are below 10" cfu/g fresh
weilght (Kaga et al. Microbes Environ 24 (2009), 154-162));
in contrast thereto, the seeds according to this preferred
embodiment contain at least 10°, preferably at least 10°,
especially at least 10%, cfu/g fresh weight of one species,
especially of Burkholderia phytofirmans (strain PsIN).
Accordingly, the endophyte concentration of such seeds con-
tains a predominant strain, which 1s not the case in natural
plants or plants having been inoculated with prior art inocu-
lation methods.

[0046] The seeds according to the present invention pro-
vide a marketable seed product containing a predetermined
weilght or volume of seeds with a uniform endophyte compo-
sition. For example, a marketable seed product containing at
least 100 g seeds, preferably at least 1 kg seeds, more pre-
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terred at least 5 kg seeds, especially at least 10 kg seeds, can
be provided by the method according to the present invention
that contains—as a whole product—more than 30%, prefer-
ably more than 40%, especially more than 50%, of a single
species of an endophytic microorganism, 1.¢. the moculant
strain. According to a preferred embodiment, the present
invention provides a marketable seed product containing at
least 100 g seeds, preferably at least 1 kg seeds, more pre-
ferred at least 5 kg seeds, especially at least 10 kg seeds,
wherein—as a whole product—more than 50%, preferably
more than 60%, especially more than 70% of a single species
ol an endophytic microorganism, 1.€. the inoculant strain, are
contained. According to an even more preferred embodiment,
the present invention provides a marketable seed product
contaiming at least 100 g seeds, preferably at least 1 kg seeds,
more preferred at least 5 kg seeds, especially at least 10 kg
seeds, wherein—as a whole product—more than 75%, more
preferably more than 80%, especially more than 90%, endo-
phytic microorganism of a single species (the endophytic
microorganism of the ioculant strain) are contained.

[0047] Such uniformity i endophytic composition 1is
unique and 1s extremely advantageous for high-tech and/or
industrial agriculture. It allows significant standardisation
with respect to qualitative endophyte load of seed products.
The term “marketable seed product” means any commer-
cially usable product containing plant seeds 1 a suitable
package (e.g. a box, a bag, an envelope or any other container
used for storing, shipping or offering plant seeds for sale).
Suitable volumes or weights are those that are currently used
for plant seeds (1.e. the at least 100 g, atleast 1, 5 or 10 kg; but
also 25 or more, 40 or more, 50 kg or more, even 100 kg or
more, 500kg or more, 1 t or more, etc.). Suitable containers or
packages are those traditionally used 1n plant seed commer-
cialisation: however, also other containers with more sophis-
ticated storage capabilities (e.g. with microbiologically tight
wrappings or with gas- or water-proof containments) can be
used. The amount of endophytes (qualitatively and quantita-
tively) contained 1n the seeds or 1n the marketable seed prod-
uct as a whole can be determined by standard techniques in
microbiology readily available to any person skilled in the art
ol plant endophyte analysis.

[0048] The mvention 1s further described by way of the
following examples and the drawing figures, yet without
being restricted thereto.

[0049] FIG. 1 shows cob sheath, grain and cob interior
colomzation of Burkholderia phyvtofirmans strain PsIN 1n
maize cvs Peso and Morignon (x-axis shows CFU/g dry
weight);

[0050] FIG. 2 shows light microscopy 1images of a mature
seed colonized by Burkholderia phytofirmans strain PsIN::
gusA; the blue colour 1s due to gus A-marked bacterial cells;
strain PsJIN 1s present inside the embryo (a,b) and 1n radicals
(¢); PsIN starts moving from embryo to germinated parts (¢);

[0051] FIG. 3 shows Burkholderia phytofirmans strain
PsJIN recovery from the grain interior at different time inter-
vals after harvesting (DAH; Days aiter harvesting);

[0052] FIG. 4 shows the eflect of Burkholderia phytofir-

mans strain PsJN colonized/non-colonized seeds on germi-
nation and seedling growth of maize (a,b,c); and

[0053] FIG. 5 shows the ellect of Burkholderia phytofir-
mans strain PsJN colonized/non-colonized seeds on shoot

growth of maize (a,b,c; 30, 45, 60 days after sowing).
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[0054] FIG. 6 shows representative results of GUS-staining
in pepper treated with PsIN::gusA110 15 days p.1. GUS activ-
ity was found in all fruit parts including seeds.

[0055] FIG. 7 shows FISH analyses of pepper seeds colo-
nized by B. phyvtofirmans PsIN using a general probe target-
ing eubacteria and a 23S rDNA probe specific for B. phyto-
firmans. Bacteria other than B. phytofirmans (eubmix-FITC)
are indicated with a small arrow and B. phytofirmans PsIN 1s
indicated with a longer arrow.

EXAMPLES

Example 1

Introducing Burkholderia phyvtofirmans Strain PsJN
into Maize Seeds

[0056] The concept of internal seed colonization with plant
growth promoting microorganisms according to the present
invention was tested with the endophytic bacterium
Burkholderia phytofirmans stain PsIN and two plant varieties
of maize. Strain PsIN was applied by spraying female tlowers
with a suspension of 10°-10” cfu mL~'. At maturity, PsJN
cells were detected within maize seeds at viable population
densities that ranged from 10°-10° CFU g~' fresh weight.
Strain PsJN was not recovered from plants of the seed mocu-
lation trial. After 12 months of storage 10° viable cells per g
seeds were still recovered. Experiments were performed to
determine the effects of internally colonized maize seeds on
oflspring plant biomass and vigor as compared to non-treated
controls and external application of the same bacterial strain.

Experimental Description

[0057] The present invention provides seeds having benefi-
cial microorganisms, especially bacteria, inside, enabling
improved plant biomass equally over control as employing
the same microorganisms (1n the present case: bacteria) exog-
enously to seeds. A variant of the bacterium Burkholderia
phytofirmans strain PsIN chromosomally tagged with the
beta-glucuronidase gene (gusA, reporter gene for detection
and monitoring of the strain by color formation) was used as
a test strain 1n to maize cultivars (Peso and Morignon). For
this, series ol experiments were performed and the experi-
mental setup was divided into two categories (1 and 2% year
experiments).

[0058] A) Evaluation of strain PsJN colonization poten-
tial in different tissues of maize plants (particularly
grains).

[0059] B) Follow-up evaluation of strain PsJN colonized
seed and strain PsIN 1noculation (exogenously) to
improve plant productivity over control.

Growth of PsIN Strain as Bacterial Inoculum

[0060] The bacterial strain was grown by loop-inoculating
one single colony in LB broth amended with spectinomycin
(100 ug mL~") in 100 mL flasks. The bacterial culture was
incubated at 28+2° C. for 2 days at 180 rpm 1n a shaking
incubator. The bacterial inoculum was applied 1n two differ-
ent ways1.e. seed soaking and spraying inoculum at flowering
stage. Maize seeds were surface sterilized by dipping for 5
and 3 min 1 70% ethanol and NaOC] following 3 washings
with sterilized water. There were three treatments, 1) seed
inoculation 2) specific spraying of flowers and 3) seed 1inocu-
lation combined with flower moculation. Plants grown from
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seeds treated with sterile culture broth only served as control.
For inoculation, seeds of two maize cultivars were dipped for
3-4 hours in bacterial inoculum (10%-10” cfu mL™"). Like-
wise, bacterial moculum was specifically sprayed to the
temale flower when the crop reached flowering stage. Seeds
were sown 1n plastic trays filled with soi1l and 12 days old
seedlings were transferred into 50 kg soil container (2 plants
in each container) under wirehouse conditions.

Endophytic Colonization by PsJN Strain (Particularly Grain
Colonization)

[0061] The rhizosphere and endophytic colonization of
root, stem and leaves by the gus A-labeled variant of B. phyto-
firmans strains PsJN was determined by plate counting using
LB plates amended with 5-Bromo-4-chloro-3-indolyl 3-D-
glucuronide (X-glcA, 50 ug mL™"), IPTG (50 ug mL~") and
the antibiotic spectinomycine (100 ng mL™"). Root, stem and
leat samples were washed, surface sterilized (as described
above) and used for PsJN recovery (colonization). For this,
samples were crushed 1n 0.9% saline buifer, subjected to
oscillation 1n a pulsifier for 30 sec and dilution series were
spread on agar plates. Beta-glucuronidase positive cells
appear blue on media containing X-glcA. The blue colonies
were counted after 3 days of incubation at 30° C. and the
original cell number per g plant tissue was calculated. Simi-
larly, PsIN colonization was also observed from different cob
parts 1.¢. sheath, grains and cob interior. The 1dentity of the
blue colonies was further confirmed by RFLP analysis of the
165238 rRNA intergenic spacer region.

Follow-Up Experiments were Performed in the 2”¢ Year to
Evaluate the

[0062] 1. Viability, activation and colonization ability of
strain PsJN colonizing maize seeds.

[0063] 2. Eifect of strain PsJN colonized seed on germi-
nation and seedling vigor compared to untreated control
(plastic tray assay).

[0064] 3. Effect of strain PsIN colonized seed on plant
biomass compared to untreated control (pot trials).
[0065] Priorto the plant experiments, PsJN colonized seeds
of both cultivars were tested to see whether PsIN cells are
present and still alive mside. For this purpose, 20 seeds were
imbibed 1n saline bulfer for 2-3 days and subsequently
crushed 1n 0.9% saline buffer, shaken for 45 second with a
pulsifier and spread 1n dilutions on LB plates amended with

X-glcA, IPTG and spectinomycin.

[0066] Bacterial inoculum was prepared as described
above and three experiments were performed with four treat-
ments 1.e. control, seed moculation with strain PsIN (exog-
enously), PsJN colonized seeds (produced in 1% year by
spraying ), PsJN colonized seed+inoculation.

[0067] For testing the germination performance, seeds (45)
were surface sterilized and inoculated as described earlier,
and were sown 1n plastic tray (diameter 30 cm) with three
replicates. Data regarding time to start germination, mean
germination time, time to 50% and final germination, germi-
nation index and energy, coellicient of uniform germination,
and skewness were recorded of PsJN colonized over control.
[0068] Two potexperiments were performed to evaluate the
performance of PsJN colonized seeds concerming plant bio-
mass production as compared to control. Surface sterilized
seeds were directly sown 1n pots with soi1l (first pot trial) or
alternatively sown 1n plastic trays, and after 10 days seedlings
were transferred to 5 kg pots (274 pot trial). All plants were
harvested after 60 days and data of plant height, number of
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leaves per plant and root-shoot biomass were recorded. The
data were subjected to analyses of variance using SPSS soft-

ware package version 19 (SPSS Ink, Chicago, I11.).
Results

Experiment A (1% Year): Seed Colonization by Strain PsJN

[0069] The ability of strain PsIN to colonize maize cobs
(cob sheath, cob interior and grains) was analyzed in plants
treated by specific tlower inoculation (by spraying) only or by
seed 1noculation (FIG. 1). Only inoculation of flowers
resulted 1n 1nternal colonization of seeds. Internal seed colo-
nization by strain PsJN was observed in both cultivars and
both tlower 1noculation treatments. PsJN cells were detected
in maize seeds at viable population densities that ranged from

10°-10° CFU g™ fresh weight.

Experiment Bl (27¢ Year): Viability, Activation and
Colonization Ability of Strain PsJN Colonizing Maize Seeds.

[0070] PsJN colonized seeds, recovered from the first year
experiment were tested to see whether PsIN cells survive
inside of dormant seed and have the ability to colonize the
plants emerging from the seeds what 1s very important as
seeds may be stored for several months till planting. 10~
viable cells were detected in two months old dormant seeds
(FIG. 1). Imbibing 1n saline buffer for 2-3 days activated the
6 months old seeds and together with the seeds beginning to
germinate PsJN started to proliferate resulting 1n a recovery
of 10* viable cells (FIG. 4). Sprouts the emerged of 420 day
old seeds were colonized by 10° PsJN cells and the bacteria
was found all over inside the sprouts (FIGS. 1 and 2).

Experiment B2 (27 Year): Effect of PsJN Colonized Seeds on
Germination and Seedling Vigor as Compared to Untreated
Control

[0071] The data summarized 1n table 1 and 4 revealed that
PsJN colonized seeds showed significant improved germina-

tion ability. PsJN colonized seeds of both cultivars started to
germinate 36-48 hours early than the control. PsIN colonized
seed showed almost 100% final germination rate and required
less mean germination time as compared to the control seeds.
Consequently, the colonized seeds have better germination
index as compared to control.

[0072] Moreover PsIN colomized seeds of both cultivars
showed significantly higher maize seedling biomass as com-
pared to untreated control seeds (Tables 2 and 5; FIGS. 3 and
4) but nonsignificantly higher seedling biomass as compared
to seeds exogenously inoculated with PsJN.

Experiment B3 (2" Year): Effect of PsJN Colonized Seed on
Plant Biomass Compared to Untreated Control (Pot Trials)

[0073] The data of the pot trials ('Table 3 and 6) revealed
that PsJN colonized maize seeds had a positive effect on plant
biomass production comparable to seeds externally coated
with PsIN cells with cv Morignon being more responsive than
cv Peso in both treatments (Tables 3 and 6; FIG. §). The PsJN
colonized seeds showed 38% increase 1n plant biomass pro-
duction and a significant increase i1n root biomass as com-
pared to the control. Moreover, the number of leaves per plant
was higher in plants of PsJN colonized seed as compared to
the control.
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Conclusions

[0074] Burkholderia phytofirmans PsIN can be intro-
duced into maize seeds by spraying cells onto tlowers.

[0075] Seed inoculation only does not allow coloniza-
tion of maize seeds of the next generation.

[0076] Straimn PsJN can survive inside maize seeds for at
least 12 months

[0077] Seed-colonizing bacterial cells are rapidly acti-
vated, proliferate and colonize emerging sprouts

[0078] Seed-colonizing PsIN shows substantial plant
growth promotion

[0079] The present example therefore shows that the
method according to the present invention enables an effec-
tive and reliable way to generate seeds with endophytes 1n a
controlled and reproducible manner.

Example 2

Introducing B. Phytofirmans PsIN and Enterobacter
sp. FD17 mto Wheat and Barley Seeds

Experimental Description

[0080] Seeds of wheat (T¥iticum spp. cvs Collada and Mon-

sun) and barley (Hordeum vulgare L. cvs Victoriana and
Totum) were surface sterilized by dipping for 5 and 3 min 1n
70% ethanol and NaOC] following 3 washings with sterilized
water. Seeds were sown 1n plastic trays and 12 days old
seedlings were transferred mnto 20 kg soil containers and
grown under green-house conditions. The soil has been col-
lected from an agricultural field 1n Tulln, Lower Austria, and
sieved to remove plant material. Bacterial strains (gusA-la-
belled vanients of B. phytofirmans PsIN and Enterobacter sp.
FD17) were grown by loop moculation in LB broth amended
with spectinomycin (100 ng mL™") in 100 mL Erlenmeyer
flask. Bacterial cultures were incubated at 28+2° C. for 2 days
at 180 rpm 1n a shaking incubator. Bacterial inoculum was

applied by spraying exclusively tlowers. Control plants were
treated with sterilized broth.

Endophytic Colonization of Wheat and Barley Seeds

[0081] Plants were harvested at ripening stage and seeds
were collected. Seed colonization by the inoculant stains was
determined by GUS-staining. Therefore, seeds were cut 1n
two pieces and incubated 1 GUS-staining solution (1 mM
EDTA, 5 mM potassium ferricyanide, 5 mM potassium fer-
rocyanide, 100 mM sodium phosphate, pH 7.0, 1% Triton-X-
100, 0.1 mg/mL X-Gluc predissolved 1 5 ul/mg N,N-dim-
cthylformamide, 0.1% IPTG) directly after harvesting at 37°
C. for 20 hours. Afterwards, samples were rinsed with %
cthanol. The ethanol was then discarded and samples were
fixed 1n paratformaldehyde solution (4% paratormaldehyde
dissolved 1n PBS at 60° C. with constant stirring until clari-
tying of the solution) overnight at 4° C. Finally, the fixed
samples were rinsed 3 times 1n PBS and stored 1n the last rinse
at4° C. until further processing. In parallel, seeds were manu-
ally crushed under sterile conditions and used for bacterial
community DNA 1solation employing standard procedures.
The presence of the inoculant strains was confirmed by
sequence analysis of the 165-235 rRNA 1ntergenic spacer
region (IGS) of single clones and subsequent comparison
with those from the mnoculants strains.
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Results

Experiment A (1% Year):

[0082] Both seeds of wheat and barley were found to be
internally colonized by the inoculants strains. Sequence
analysis of the IGSregion confirmed the presence of Entero-

bacter sp. FD17 and B. phytofirmans PsIN.

Conclusions

[0083] DBurkholderia phytofirmans PsIN and Entero-
bacter sp. FD17 can be introduced 1nto barley and wheat
seeds by spraying cells onto flowers.

Example 3

Introducing B. Phytofirmans PsJN 1nto Tomato and
Pepper Seeds

Experimental Description

[0084] The colonization behavior of Burkholdervia phyto-
firmans PsIN during transmission from flowers to seeds was
studied with tomato (Seolanum lycopersicum cv. Micro Tom
and Matina) and pepper (Capsicum annuum cv. Feher). Pres-
ence of PsJN was investigated at 3 different time points.
Detection of bacteria in the seed interior of harvested samples
was conducted by GUS-staining and microscopy on the one
hand and strain-specific quantitative PCR on the other hand.
For detection by visual observation of staiming and micros-
copy, the gusA-labelled variant of the strain PsIN, Burkhold-
eria phytofirmans PsIN::gusA110, was used in parallel to the
wild-strain that was detected via qPCR.

[0085] The ability of PsJN to survive 1n the seed and pro-
liferate with the emerging seedling was studied 1n a subse-
quent germination experiment. Hereby, the harvested seeds
from the previously treated plants were sown and nursed for
a certain period. Afterwards the seedlings were examined
regarding their presence of PsIN by GUS-staining and quan-
titative PCR of PsJN-specific genes.

[0086] The bacterial strains were grown by loop-inoculat-
ing one single colony 1 LB broth containing 0.1% of the
antibiotic spectinomycin in case of B. phytofirmans PsJN::
ousAl110 and without antibiotics in case of the wild-type
strain and 1ncubated at 28° C. on a shaker (160 rpm) over-
night. The overnight culture was transferred to 500 mL Erlen-
meyer flasks containing 250 mL liquid LB medium. They
were incubated on a shaker (120 rpm) at 28° C. for 2 days to
allow for growth of bacteria. Subsequently, aliquots of 40 mL
of the incubated medium containing the bacterial culture
were filled 1n 50 mL plastic tubes and centrifuged at 4500 rpm
and 4° C. for 10 minutes (Megatuge 40R, Heraeus, Hanau,
Germany ). Afterwards, the supernatant was discarded and the
bactenal pellet re-suspended by vortexing in 20 mL PBS (0.2
g/l KCl, 1.44 g/. Na,HPO, and 0.24 g/I. KH,PO,, 1n dH,, O,
pH 7.4, autoclaved). The control suspension was treated
accordingly. The aliquots of each bacterial suspension were
then pooled 1n 500 mL Schott bottles. The concentration of

the suspensions was measured by help of spectrophotometry
(NanoDrop 1000 3.7.1., Wilmington, Del., USA) and

adjusted to 10> CFU/mL.

[0087] Specific mnoculation of tomato and pepper tlowers
was conducted when the plants reached growth stage 61-63
on the BBCH scale (for tomato: first inflorescence: first
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flower open—third inflorescence: first flower open; for pep-
per: lirst flower open—third tlower open) (FELLER et al.,
1995b).

[0088] The bacterial inoculants and buifer only for the con-
trol were filled 1n a S0 mL glass pump spray bottle previously
sterilized with 70% ethanol. The plants to be 1noculated were
spatially separated from the others to avoid contamination by
drift. One single flower or 2 to 3 immediately adjacent flowers
were sprayed with 675 uL of the mnoculum. A filter paper was
used to shield the surrounding plant parts such as leaves and
stem from driit and take up surplus 1noculum to avoid drip-
ping on the soil. The treated inflorescences/tlowers were
marked with a twist tie to allow for later identification.

[0089] Sixreplicates of the 1inoculated plants were analyzed
at 3 different developmental stages. Pepper samples were
taken 3 days and 15 days after spraying as well as at full
ripeness. The plant material (buds, tlowers, fertilized tlowers,
developing fruits, immature fruits, ripe fruits and seeds) was
cut with a sterile scalpel and subsequently incubated in GUS-
staining solution (1 mM EDTA, 5 mM potassium ferricya-
nide, S mM potassium ferrocyamde, 100 mM sodium phos-
phate, pH 7.0, 1% Trnton-X-100, 0.1 mg/mlL X-Gluc
predissolved m 5 pl/mg N,N-dimethyliformamide, 0.1%
IPTG) directly after harvesting at 37° C. for 20 hours. After-
wards, destaining was done by rinsing the samples with 70%
cthanol. The ethanol was then discarded and the samples fixed
in paraformaldehyde solution (4% paratormaldehyde dis-
solved 1n PBS at 60° C. with constant stirring until clarifying
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of the solution) overmight at 4° C. Finally, the fixed samples
were rinsed 3 times 1n PBS and stored 1n the last rinse at 4° C.
until further processing.

[0090] Matenial of plants inoculated with PsIN wild-type
and control samples were immediately after harvest frozen 1n
liquid nitrogen and transferred for storage at —80° C. After-
wards, DNA was 1solated using standard procedures and used
as described above for Example 2.

Results

Experiment A (1* Year):

[0091] Upon flower spraying B. phytofirmans PsIN colo-
nized seeds and pericarp of fruits of tomato and pepper (FIG.
6). The colonization process was monitored by GUS-staining,
and microscopy. The cell number of strain B. phytofirmans
PsJN during transmission from flowers into seeds was tested
by TagMan-quantitative PCR using primers and probe target-
ing a gene encoding glutamine synthetase. The amount of B.
phytofirmans PsIN cells applied on one tlower was roughly
10® and the cell number calculated per mg plant material
during the process of colonization dropped from about 3000
cells per flowers to a few dozen cells 1n seeds. Results were
confirmed by fluorescence 1n situ hybridization (FIG. 7).

Conclusions
[0092] Burkholderia phytofirmans PsIN can be intro-
duced into tomato and pepper by spraying cells onto
flowers.
TABLE 1

Comparative performance of PsIN colonized seed and PsIN
inoculation (exogenously) on germination of maize cv Peso (Data
are average of three replicate)

Coefficient
Mean of
Time to Time to emergence Final Germination uniform (Germination
Start 50% Germination Time Germination % Energy emergence  index
Treatment Germination (T50) (MET) (FGP) (GE) (CUE) (GI) Skewness
Control* 4at 5.20b 6.74a 83.33bc 72.92ab 0.80NS 6.45bc 0.77bc
PsIN Inoculation* 3.33ab 4.80c¢ 6.53%a 100a 85.424a 0.67 8.82a 0.73¢
Control? 4da 5.60a 6.83a 77.08¢ 64.58b 0.85 5.45¢ 0.82a
PsIN Inoculation® 3.33ab 5.30ab 6.73a 89.58b 68.75ab 0.74 6.85b 0.78ab
PsIN colonized 2.33bc 4.33d 5.49b 100a 69ab 0.77 8.75a 0.79ab
seed]
tValues sharing simular letter(s) do not differ sigmificantly at P << 0.05, according to Duncan’s Multiple Range Test.
ISeeds prepared by spraying PsIN mnoculum (103- 107 cfi H]L_l)
'Parent seed used for first year experiment
§Off3pring seed produced from first year experiment
TABLE 2
Comparative difference of PsIN moculated and PsJN colonized
seed on biomass of maize cv Peso in plastic tray experiment
(data are average of three replicate).
No. of
Fresh Plant biomass (g) Dry Plant biomass (g) Plant leaves
Total Total height  per
Treatment Stem Leaves Root biomass Stem Leaves Root biomass (cm) plant
Control 79.37 ¢ 95.70b  37.20b 212.27¢ 3.63¢ 9.65b 1.39b 14.67c¢ 93.37b 6.58¢
PsIN Inoculation 93.77 b 111.03a 384ab 24443b 422b 10.65ab 1.73a 1690b 95.87a 7.04b
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TABLE 2-continued

Comparative difference of PsIN inoculated and PsIN colonized

seed on biomass of maize cv Peso 1n plastic tray experiment

(data are average of three replicate).
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Fresh Plant biomass (g)

Dry Plant biomass (g)

No. of

Plant leaves

Treatment Stem L.eaves

PsIN colonized 99.70 b 113.33 a
seed]

Total

Root biomass

Stem L.eaves Root

39.63a 25143ab 439b 11.17a 1.79 a

tValues sharing simular letter(s) do not differ significantly at P < 0.05, according to Duncan’s Multiple Range Test.

CcCds Preparc SPIAVII £ 1NOCLIUIN - C
1Seeds prepared by spraying PsIN inoculum (10%-10° cfu mL ™)

TABLE 3

Comparative performance of PsIN colonized seed and PsIN

inoculation (exogenously) on plant biomass of maize cv Peso under

potted conditions (data are average of three replicate).

Pot trial I (Direct sowing)

Pot trial II
(Nursery

Plant No. of

height leaves per
Treatment (cm) plant
Control 9642 ct 6.98¢

PsIN Inoculation 10%.01 ab 9.04 ab
PsJIN colonized 104.62 b 8.42 b
seed]

Shoot Root bio-

biomass mass

532c¢c 0RZ2c
8.80ab 1.42a
7.17b 1.12b

SOWINg)

Shoot bio- Root bio-

mass IT1488

1.29 ¢ 0.28 ¢
2.37b 0.423 ab
2.16b 0.358 b

tValues sharing simular letter(s) do not differ sigmificantly at P < 0.03, according to Duncan’s Multiple Range

Test.

ISeeds prepared by spraying PsJN inoculum (103’- 10” cfu II]L_I)

TABLE 4

Total height  per

biomass (cm) plant

17.35b 9733a 7.20b

Comparative performance of PsIN colonized seed and PsIN
inoculation (exogenously) on germination of maize cv Morignon
(data are average of three replicate).

Coeflicient
Mean of

Time to Time to emergence Final Germination uniform Germination

Start 50% Germination Time Germination % Energy emergence  index
Treatment Germination (1T50) (MET) (FGP) (GE) (CUE) (GI) Skewness
Control* 4.33at 4.98a 6.72a 85.42bc 79.17ab 0.81INS 6.66b 0.74NS
PsJN Inoculation* 3.67a-c 4.96a 6.65a 95.83ab 89.58a 0.78 8.25a 0.75
Control® 4ab 5.02a 6.65a 79.17¢ 75b 0.74 6.65b 0.76
PsIN Inoculation® 3.33bc 5.07a 6.59a 91.67ab 75b 0.65 7.88ab 0.77
PsIN colonized 3¢ 4.10b 5.69b 100a 83.33ab 0.69 9.06a 0.72

seed]

tValues sharing simular letter(s) do not differ sigmificantly at P < 0.05, according to Duncan’s Multiple Range Test.
ISeeds prepared by spraying PsIN inoculum (103- 10” cfu H]L_l)

*Parent seed used for first year experiment
§Off5pring seed produced from first year experiment
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Comparative performance of PsIN colonized seed and PsIN
inoculation (exogenously) on seedling biomass of maize cv Morignon
in plastic tray experiment (data are average of three replicate).

No. of
Fresh Plant biomass (g) Dry Plant biomass (g) Plant leaves
Total Total height per
Treatment Stem Leaves Root biomass Stem Leaves Root biomass (cm) plant
Control 81.07 c¥ 9770b 3843b 21593c¢ 3.83c 9.67 ¢ 1.76 b 15.26¢ 94 76NS  6.53 ¢
PsJIN Inoculation 92.67 b 104.80a 42.40a 23923b 4.64b 10.57b 2.34a 17.67b 95.00 6.87 b
PsJN colonized 92.90Db 105.07a 41.93a 240.13b 4.66b 11.25ab  2.35a 1824ab  95.02 6.84 b
seed]

tValues sharing simular letter(s) do not differ sigmificantly at P </ 0.05, according to Duncan’s Multiple Range Test.

cCds preparc ST AaV1I = 1NOCUIUIT - C a
tSeeds prepared by spraying PsJN inoculum (10%-10° cfu mL ™)

TABLE 6

Comparative performance of PsIN colonized seed vs PsIN

inoculation (exogenously) on plant biomass of maize cv Morignon

under potted conditions (data are averase of three replicate).

Pot trial II
Pot trial I (Direct sowing) (Nursery
Plant No. of SOWINE)
height leaves per Shoot  Rootbio- Shootbio- Root bio-
Treatment (cm) plant biomass mass mass mass
Control 10142 ct 798¢ 6.36¢c 1.12c 3.29 ¢ 041c
PsIN Inoculation 110.67b 947b 8.17b 142b 4.37b 0.623 ab
PsJN colonized 113.01 ab 9.83 b 8.80b 1.56ab 426 b 0.558 b
seed]

tValues sharing simular letter(s) do not differ sigmificantly at P < 0.03, according to Duncan’s Multiple Range

Test.
ISeeds prepared by spraying PsIN mnoculum (103- 107 cfu II]L_I)

1-27. (canceled)

28. A plant seed population produced by the process of 1)
providing an agriculturally-acceptable preparation compris-
ing a population of 1solated bacterial endophytes; 11) specifi-
cally contacting at least one flower of a flowering plant with
the preparation under conditions such that the bacterial endo-
phytes are localized to a plurality of seeds derved from the
flowering plant, wherein the plurality of seeds individually
contain at least about 100 bacterial endophytes per seed; and
111) collecting the plurality of derived seeds, thereby produc-
ing a plant seed population.

29. The seed population of claim 28, wherein the 1solated
bacterial endophytes are heterologous to the tlowering plant.

30. The seed population of claim 28, wherein the 1solated
bacterial endophytes are localized to the seed interior.

31. The seed population of claim 28, wherein the derived
seeds have one or more improved traits as compared to an
untreated control seed, wherein the one or more improved
traits are individually selected from the group consisting of
increased plant growth, increased yield, increased biomass,
improved nutrient acquisition, mcreased resistance to envi-
ronmental stresses, increased tolerance to drought, increased
tolerance to heavy metals, increased tolerance to disease, and
increased tolerance to herbivory, increased production of
phytohormones, increased production of antibiotics,
increased production of siderophores, increased production
of pesticides, and increased promotion of nitrogen fixation.

32. The population of claim 28, wherein the step of con-
tacting the at least one flower 1s performed 1n a non-sterile
environment.

33. The seed population of claim 28, wherein the seeds are
collected 1n a manner suitable for storage for at least about 1
month.

34. A field of plants at least 1 acre 1n size dertved from the
seed population of claim 28.

35. A method for producing a synthetic combination com-
prising a plant seed and endophytic microorganisms, com-
prising contacting at least one tlower of a flowering plant with
a preparation comprising a purilied population of microor-
ganisms, the population comprising an endophytic microor-
ganism, wherein the endophytic microorganisms are present
in the interior of the plant seed.

36. The method of claim 35, further comprising obtaining
the seed produced by the flowering plant.

377. The method of claim 35, wherein contacting the flower
of a plant with a preparation of endophytic microorganisms 1s
performed by specifically spraying the population at the time
of tlowering.

38. The method of claim 36, wherein the seed has an
improved trait as compared to an untreated control seed,
wherein the improved trait 1s selected from the group consist-

ing of increased germination rate, increased germination
index, increased germination energy, and more unmiform ger-
mination as compared to an untreated control seed.
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39. The method of claim 36, further comprising storing the
seed produced by the plant for at least 1 month.

40. The method of claim 39, wherein the seed 1s stored for
at least 6 months.

41. The method of claim 36, further comprising growing,
the plant seed to a progeny plant, wherein the progeny plant
has an 1mproved trait as compared to an untreated control
plant.

42. The method of claim 41, wherein the improved trait 1s
selected from the group consisting of increased plant growth,
increased yield, increased biomass, improved nutrient acqui-
sition, 1ncreased resistance to environmental stresses,
increased tolerance to drought, increased tolerance to heavy
metals, increased tolerance to disease, and increased toler-
ance to herbivory, increased production of phytohormones,
increased production of antibiotics, increased production of
siderophores, 1increased production of pesticides, and
increased promotion of nitrogen fixation as compared to an
untreated control plant.

43. The method of claim 35, wherein the at least one flower
of the tlowering plant 1s contacted with a preparation of
microorganisms in a suspension of at least 10° cfu/mL.

44. A method of improving a trait in a seed or plant pro-
duced by the seed comprising;:
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contacting at least one flower of a flowering plant with a
preparation comprising a purified population of micro-
organisms, the population comprising an endophytic
microorganism, and

obtaining the seed produced by the plant.

45. The method of claim 44, wherein the improved trait 1s
selected from the group consisting of increased germination
rate, increased germination index, increased germination
energy, more uniform germination increased plant growth,
increased yield, increased biomass, improved nutrient acqui-
sition, 1ncreased resistance to environmental stresses,
increased tolerance to drought, increased tolerance to heavy
metals, increased tolerance to disease, and increased toler-
ance to herbivory, increased production of phytohormones,
increased production of antibiotics, increased production of
siderophores, 1increased production of pesticides, and
increased promotion of nitrogen fixation as compared to
untreated control seed or plant.

46. The method of claim 44, wherein the endophytic micro-
organisms are present in the interior of the plant seed.

4'7. The synthetic combination produced by the method of
claim 35.
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