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Ferments containing lactic acid bacteria (LAB) have been used for decades in agricultural systems to
improve soils, control disease and promote plant growth, however, the functional roles of LAB in the
phytomicrobiome have yet to be discovered. An understanding of the symbiotic relationship between
plants and LAB could be exploited to improve agricultural plant production.
Scientiﬁc investigations to validate plant growth promoting properties of LAB are increasing in number
and scope. LAB isolated from diverse sources have been shown to be effective biofertilizers, biocontrol
agents, biostimulants. As biofertilizers, LAB can improve nutrient availability from compost and other
organic material. In fermented food, LAB has served as an effective biocontrol agent; recently LAB have
been shown to be effective in the control of a wide variety of fungal and bacterial phytopathogens. As
biostimulants, LAB can directly promote plant growth or seed germination, as well as alleviating various
abiotic stresses.
In this review, we discuss the history and ecology of plants and LAB, appraise the available information
on the use of LAB in improving plant production, and consider the limitations and potential new directions for the use of LAB in plant agriculture.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
Recent advances in plant-microbe interaction research have
drawn attention to the importance of microbial communities in
promoting plant health and resilience (Smith et al., 2015a; b). Engineering the phytomicrobiome to promote plant growth is a
promising strategy for maintaining crop production in the context
of a changing climate and growing population. Broadly, plant
growth promoting microorganisms (PGPM) promote plant growth
by improving nutrient acquisition, acting as biocontrol agents
(BCAs), improving the ability of the host plant to withstand biotic
and abiotic stress, or by producing compounds that directly stimulate plant growth. Many PGPM promote plant growth through
multiple mechanisms simultaneously (Avis et al., 2008).
Plants in nature interact with a diversity of beneﬁcial, pathogenic, and benign microorganisms. Most PGPM research has
focused on only a few groups of common symbiotic rhizosphere
microorganisms: rhizobia, Bacillus, Pseudomonas and mycorrhizal
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fungi (Vessey, 2003). However, the functional roles of other groups
of potential PGPMs, including lactic acid bacteria (LAB), have yet to
be explored. The as-yet uncharacterized phytomicrobiome is an
untapped genetic and metabolic resource that may offer a host of
biochemical solutions to pressing agricultural issues.
LAB are ubiquitous members of many plant microbiomes, but
little is known about functional interactions between the LAB and
their hosts. The gap in our knowledge about LAB-plant interactions
stands in contrast to our depth and breadth of knowledge of LAB in
food processing. In this review, we appraise the available information on the use of LAB in improving plant production in the
context of historical uses of LAB in agriculture and food preservation, and discuss the limitations and potential new directions for
the use of LAB in plant agriculture.
LAB are gram positive, facultative anaerobic bacteria that typically reside in substrates rich in carbohydrates, which they ferment
into organic acids. The ability of LAB to produce organic acids and
other antimicrobial substances has made them indispensable in the
preservation of plant and animal-based foods as diverse as sauerkraut, cheese, sausage, sourdough bread and animal silage (de
Vuyst and Vandamme, 1994). Furthermore, the efﬁciency with
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which LAB convert carbohydrates into organic acids has prompted
interest in industrial applications of LAB bioreactors used to produce organic acids; especially lactic acid, an important precursor
for biodegradable plastics (Konings et al., 2000). The beneﬁts of
Lactobacillus strains on human health also make them valuable
probiotic (Naidu et al., 1999).
The widespread use of LAB in food processing has generated a
great deal of knowledge about their physiology and the bioactive
compounds they produce (Garsa et al., 2014; de Vuyst and
Vandamme, 1994). This usage has also resulted in the designation
of LAB as generally regarded as safe (GRAS) and would pose no risks
for applications in edible crop production, exempting it from costly
and time consuming regulatory approval processes. (Lutz et al.,
2012). Moreover, the combined empirical evidence from agriculture paired with a growing body of scientiﬁc evidence makes a
convincing case for LAB as a new class of PGPM. There is great
potential to use LAB as biofertilizers, biocontrol agents and biostimulants to aid in producing food (Fig. 1).

2. History of LAB in agriculture
Proponents of holistic, ecologically-based agricultural systems
have long valued LAB, and especially Lactobacillus as an agricultural
input. Lactobacillus is ubiquitous on plants and proliferates quickly
when plant tissues are damaged and carbohydrate-rich cell contents are released. The ease of culturing wild lactobacilli without
the use of laboratory equipment or microbiological expertise,
paired with its ability to preserve, and even improve, the nutritional quality and ﬂavor of foods, have contributed to the widespread use of these microbes by farmers and the general public
(Katz, 2008, 2012).
Beginning in the 1930s, when the use of mechanized farm
equipment and chemical pesticides and fertilizers was becoming
more prevalent, (Martin and Sauerborn, 2013), many alternative
agricultural movements, that looked to preindustrial farming
practices, were initiated around the world. Many of these alternative agricultural movements adopted LAB, and especially Lactobacillus, as an indispensable component of sustainable agriculture, to
control pests, condition soils, and stimulate plant growth (Higa,
1991, 2001; Somers et al., 2007; Paulsen et al., 2009).

3. Plant-LAB ecology
To harness the beneﬁts of LAB for improved agricultural production, we must ﬁrst understand the ecological relationship between plants and LAB, including the ecological niches LAB ﬁll in
nature. Plants interact with diverse communities of beneﬁcial,
benign, and pathogenic microorganisms in the environment and
must be able to distinguish between members of these communities to optimize growth. If the plant-LAB relationship provides an
advantage to the plant, this relationship can be promoted or
manipulated to improve agricultural production.
Lactobacilli are found in the phyllosphere, endosphere and
rhizosphere of many plants. Each of these niches provides distinct
challenges to the growth of the LAB. In the phyllosphere, lactobacilli
are exposed to a host of stresses including ultraviolet radiation,
extremes in water availability, scarce nutrient availability and high
redox potential (Mundt and Hammer, 1968; Müller and Seyfarth,
1997). LAB also live inside plants as endophytes, and can survive
in seeds (Minervini et al., 2015) and vegetative propagules (Leifert
et al., 1994). Lactobacillus has been found living as an endophyte in
diverse crop plants including sweet corn, cotton, (McInroy and
Kloepper, 1991), sugar beet (Jacobs et al., 1985), strawberry fruit
(de Melo Pereira et al., 2012) pepper (Shrestha et al., 2014), cucumber (Rzhevskaya et al., 2013), wheat seeds (Baffoni et al., 2015;
Minervini et al., 2015) and Lolium perenne roots (Gaggìa et al., 2013).
The ability of LAB to live in the endosphere of such a diversity of
plants suggests an intimate relationship between plants and LAB.
The rhizosphere is deﬁned as the fraction of soil under the direct
biochemical inﬂuence of root exudates. Plants devote a signiﬁcant
proportion of photosynthetically ﬁxed carbon to root exudates,
which include sugars, signaling compounds, enzymes and other
chemicals that alter the soil environment to select for particular
microbial communities (Bais et al., 2006). This carbohydrate-rich
environment would appear to be ideal for LAB, however, organic
acids break down quickly in the rhizosphere (Jones, 1998); limiting
the ability of LAB to acidify the rhizosphere to their advantage.
Although this limitation prevents LAB from being a dominant
bacterial group in most soils, diverse LAB strains have been isolated
from rhizospheres (Chen et al., 2005; Yanagida et al., 2006;
Shrestha et al., 2009a; Ekundayo, 2014). Research on the

Fig. 1. Mechanisms by which lactic acid bacteria can mitigate stress to plants.
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LAB are one of the major microbial groups responsible for
decomposing a variety of organic materials for use in agriculture;
they are common in compost (Partanen et al., 2010), silage
(MacDonald, 1981), and methogenic anaerobic digestion systems
(Li et al., 2011). These waste processing systems generally use
indigenous microbial populations, however there have been some
attempts to improve these processes by inoculating waste materials
with microbial consortia, typically containing LAB.
Effective Microorganisms (EM) consortia are composed of a
consortium of yeast, mold fungi, LAB, photosynthetic bacteria, actinomycetes, and others (Higa, 1991). LAB generally becomes the
most active and dominant group in mature ferments of EM consortia (Kyan et al., 1999). Analysis of three commercial EM products
found that LAB were the most abundant microbial group in the
consortia (Ahn et al., 2014).
Compost inoculated with EM have been shown to produce
greater yields and increase nutrient uptake for wheat (Hu and Qi,
2010; Hussain et al., 1999), soybean (Javaid and Mahmood, 2010),
mung bean (Javaid and Bajwa, 2011) rice (Javaid, 2011) and cotton
(Khaliq et al., 2006) than plants grown with non-inoculated composts. Increased productivity in crops treated with EM-inoculated
composts versus untreated composts is likely due to hastened
decomposition of organic compounds into plant available nutrients. LAB has been shown to solubilize phosphate (Shrestha et al.,
2014; Giassi et al., 2016), likely through the production of organic
acids. Three strains of LAB isolated from a sugarcane ferment can ﬁx
atmospheric nitrogen (Giassi et al., 2016). While LAB appear to have
virtually no Fe requirement and have been thought to not produce
siderophores (Pandey et al., 1994; Weinberg, 1997), Shrestha et al.
(2014) reported three plant growth promoting strains of Lactobacillus produced siderophores.
While there have been promising results in many trials with EM,
the efﬁcacy of EM has yet to be determined. Many ﬁeld trials where
EM have improved crop yield have been conducted in tropical or
subtropical regions, while most trials in temperate regions have not
shown any beneﬁt from EM applications (Mayer et al., 2010).

search for safer alternatives. Numerous microorganisms have been
identiﬁed as safe and effective biocontrol agents (BCAs) for bacterial and fungal phytopathogens.
BCAs work through a variety of mechanisms (Compant et al.,
2005). There are three known mechanisms by which LAB acts as
a biocontrol agent; through the production of antimicrobial compounds (Kao and Frazer, 1966; Tramer, 1966; Trias et al., 2008),
reactive oxygen species (Trias et al., 2008) and bacteriocins; by
excluding pathogens by pre-emptively colonizing plant tissues
 et al.,
vulnerable to infection (Visser and Holzapfel, 1992; Rosello
2013), and by altering the plant immune response (Konappa
et al., 2016).
LAB produce a diversity of antimicrobial compounds including
antifungal diketopiperazines, hydroxy derivatives of fatty acids, 3phenyllactate; antibacterial bacteriocins and bacteriocin-like
compounds; and general antimicrobials such as organic acids,
hydrogen peroxide, pyrrolidone-5-carboxylic acid, diacetyl and
reuterin (b-OH-propionic aldehyde) (Stoyanova et al., 2012). It has
been proposed that the major mechanism of foliar bacterial pathogen control by LAB is organic acid production (Visser and
Holzapfel, 1992) however, with diversity of antimicrobial compounds produced by LAB in mind, it has also been argued that LAB
barrage competitor microorganism with a variety of compounds
with multiple modes of action (Gupta and Srivastava, 2014;
Sangmanee and Hongpattarakere, 2014).
Aside from direct antagonism toward phytopathogens, LAB
treatments can alter the response of plant to pathogens, thus
improving their innate immunity. Such effect is called systemic
acquired resistance (SAR). Hamed et al. (2011) suggested changes to
the morphology of tomatoes treated with various Lactobacillus
strains were evidence of an SAR response, leading to resistance to
fungal pathogens. Supporting this theory, tomato seeds treated
with Lactobacillus paracasei isolated from the tomato rhizosphere
produced seedlings that were more resistant to infection by Ralstonia solanacearum due to differential expression of defenserelated metabolites in treated seedlings (Konappa et al., 2016.
The ability of LAB to control bacterial and fungal phytopathogens of crop plants has been investigated (Table 1). Because, LAB are
so ubiquitous in the phyllosphere, LAB were ﬁrst evaluated as BCAs
for foliar phytopathogens (Visser and Holzapfel, 1992), but have
been evaluated as BCAs for a variety of bacterial and fungal
phytopathogens.
Compost teas fermented with mixed cultures containing
Lactobacillus have been effective against powdery mildew on a
variety of cucurbits (DeBacco, 2011; Naidu et al., 2012). Other
compost teas with undeﬁned microbial communities have been
effective biocontrols of numerous fungal pathogens (Scheuerell and
Mahaffee, 2002; Martin, 2014). It is likely that many compost teas
with undeﬁned microbial populations contain a signiﬁcant proportion of LAB (Ahn et al., 2014), which may have antipathogenic
activity. Similarly, milk, whey and other dairy products have often
been used as a natural control for powdery mildew (Medeiros et al.,
2012) and have been applied to various cucurbits (Ferrandino and
Smith, 2007; Bettiol et al., 2008; DeBacco, 2011), grape (Crisp
et al., 2006) and greenhouse roses (Wurms et al., 2015). Milk fermented with Lactobacillus is an effective control for powdery
mildew on melon (Bettiol and Astiarraga, 1998). Furthermore, even
uninoculated milk applied to leaves is likely to ferment (Medeiros
et al., 2012), leading to a proliferation of LAB and the associated
antifungal activity.

5. LAB as biocontrol

6. Lactobacillus and stress amelioration

Concerns over the harmful effects many chemical pesticides
have on the environment and human health have prompted a

Climate change and land degradation are expected to make the
environment more stressful for plants in many regions. Moreover,

rhizosphere microbiome has shown that microbial communities in
the rhizosphere are largely shaped by plant species and age, as well
as environmental factors such as temperature and moisture
(Grayston et al., 1998). For example, L. lactis subsp. lactis appears to
be a constitutive member of the mulberry microbiome where it is
commonly found in the rhizosphere, despite large geographic distances between plants (Chen et al., 2005).
While many soils do not appear to contain large numbers of LAB,
they do contain a diversity of LAB, which produce a diverse suite of
metabolites (Chen et al., 2005; Yanagida et al., 2006). LAB have been
reported to be most numerous in carbon-rich soil environments,
such as those under fruit trees or animal agriculture (Yanagida
et al., 2005, 2006; Reyes-Escogido et al., 2010), however, a rich
diversity of LAB has been isolated from the rhizospheres of olives
and desert trufﬂes as well as in desert soils (Fhoula et al., 2013).
Lactobacilli can survive and grow in dry environments with
water potentials as low as 15 MPa (Focht and Martin, 1979; Skujins,
1984) There are also many halotolorant LAB, as is demonstrated by
the diversity of LAB in brined fermented foods. LAB often become
dominant in mixed cultures by virtue of their ability to acidify their
environment to a level that many other microbes cannot survive.
4. LAB as biofertilizers
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Table 1
Selected lactic acid bacteria biocontrol agents.
Species

Strain

Isolated from

Antagonistic in vitro

Crop/Pathogen

Proposed
Mechanism

Citation

Lactobacillus
plantarum

L1515a

Cucumber pickle

Bean & Cucumber/
Pseudomonas
campestris

Organic acids

Visser et al., 1986

Lactobacillus sp.

KLF01

Tomato
rhizosphere

Tomato/Ralstonia
solanacearum,
Pepper/
Xanthomonas
campestris pv.
vesicatoria, Chinese
Cabbage/
Pectobacterium
carotovorum subsp.
carotovorum

None

Shrestha et al.,
2009a; b

Unidentiﬁed LAB

KLC02

Unknown

Pepper/
Xanthomonas
campestris pv.
vesicatoria

None

Shrestha et al.,
2009a

Unidentiﬁed LAB

KPD03

Unknown

Pepper/
Xanthomonas
campestris pv.
Vesicatoria

None

Shrestha et al.,
2009a

Lactobacillus
plantarum

AF1

Kimchi

Xanthomonas
campestris,
Pseudomonas
campestris and
Erwinia carotova
Ralstonia
solanacearum,
Xanthomonas
axonopodis pv. citri,
X. campestris pv.
vesicatoria, Erwinia
pyrifoliae and
E. carotovora subsp.
carotovora,
Pectobacterium
carotovorum subsp.
carotovorum
Ralstonia
solanacearum,
Xanthomonas
axonopodis pv. citri,
X. campestris pv.
vesicatoria, Erwinia
pyrifoliae and
E. carotovora subsp.
carotovora,
Pectobacterium
carotovorum subsp.
carotovorum
Ralstonia
solanacearum,
Xanthomonas
axonopodis pv. citri,
X. campestris pv.
vesicatoria, Erwinia
pyrifoliae and
E. carotovora subsp.
carotovora,
Pectobacterium
carotovorum subsp.
carotovorum
Aspergillus ﬂavus

Soybean/Aspergillus
ﬂavus

Yang and Chang,
2010

Lactobacillus spp.

Unknown

Dairy products

Lactobacillus
plantarum

IMAU10014

Fermented mare
milk

3,6-bis(2methylpropyl)-2,5piperazinedion
SAR, antifungal
metabolites
proteinacious and
non-proteinacious
antifungal
compounds

Lactobacillus
plantarum

C5

Durian fruit

Lactobacillus
plantarum

G7

Ginger root

Unidentiﬁed LAB

Unknown

Unknown

Lactobacillus
plantarum

ONU87

Unknown

Rhizobium
radiobacter

Lactobacillus
paracasei
Lactobacillus
plantarum

Unknown

Unknown

Unknown

Unknown

Ralstonia
solanacearum
N/A

SLG17

Unknown

Lactobacillus
plantarum

Fusarium
oxysporum
Botrytis cinerea,
Alternaria solani,
Phytophthora
drechsleri, Fusarium
oxysporum and
Glomerella cingulate
Streptococcus,
Bacillus subtilis,
Protous, Klebsilla, E.
coli and S. aureous
Streptococcus,
Bacillus subtilis,
Protous, Klebsilla, E.
coli and S. aureous
Pythium ultimum

Fusarium
graminearum

Tomato/Fusarium
oxysporum
N/A

Hamed et al., 2011
Wang et al., 2011

Pepper seed/
Colletotrichum
capsid

None

Elmabrok and
Hussin 2012

Pepper seed/
Colletotrichum
capsid

None

Elmabrok and
Hussin 2012

Cucumber/Pythium
ultimum
Carrot &
Kalanchoe/
Rhizobium
radiobacter
Tomato/Ralstonia
solanacearum
Apple & Pear/
Erwinia amylovora

None

Lutz et al., 2012

None

Korotaeva et al.,
2013

None

Murthy et al., 2012

Preemptive
colonization,
plantericin
Organic acids,
plantericin

 et al., 2013
Rosello

Wheat/Fusarium
graminearum

Baffoni et al., 2015
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Table 1 (continued )
Species

Strain

Isolated from

Antagonistic in vitro

Crop/Pathogen

Proposed
Mechanism

Citation

Lactobacillus
paracasei

Unknown

Unknown

N/A

Tomato/Ralstonia
solanacearum

SAR

Konappa et al.,
2016

Table 2
Selected lactic acid bacteria biostimulants.
Species

Strain

Isolated from

Crop

Effect

Proposed
Mechanism

Citation

Lactobacillus
plantarum
Lactobacillus
acidophilus

IFO 3070

EM-4

Radish

Increased yield

None

Higa and Kinjo, 1991

Unknown

Dairy products

Tomato

None

Hamed et al., 2011

Lactobacillus sp.

Unknown

Dairy products

Tomato

None

Hamed et al., 2011

Lactobacillus
plantarum

NRRL B-4524

Tomato

None

Hamed et al., 2011

LAB

Unknown

None

Lutz et al., 2012

Lactobacillus
plantarum
Lactobacillus
plantarum

ONU 12

The National Center
for Agricultural
Utilization
Research
Agricultural
rhizosphere
Grape must

Increased shoot
branching, shoot
and root growth
Increased shoot
branching, shoot
and root growth
Increased shoot
branching, shoot
and root growth

Bacteriogenic
metabolites
Bacteriogenic
metabolites

Limanska et al., 2013

Tomato
Tomato

ONU 315, 316

Oyster mushroom
surface

Tomato

Lactobacillus
plantarum

ONU 991

Dairy products

Tomato

Lactobacillus
acidophilus
Lactobacillus casei

WR2

Wheat rhizosphere

Wheat

6

Embiko® microbial
phytostimulant

Cucumber

Lactobacillus lactis

4/6

Cucumber

Lactobacillus
plantarum

20

Embiko® microbial
phytostimulant
Embiko® microbial
phytostimulant

Lactobacillus sp.

KLF01

Tomato
rhizosphere

Pepper

Unidentiﬁed LAB

KLC02

Unknown

Pepper

Unidentiﬁed LAB

KPD03

Unknown

Pepper

Lactobacillus
plantarum
Lactobacillus
plantarum

8Р-AZ

Human probiotic

Wheat

Unknown

PGPR Corp. (Korea)

Cucumber

LAB

BL06

Sugarcane ferment

Citrus seedling

Lactobacillus
plantarum

ATCC 9019

Unknown

Swertia chirayita

Cucumber

Increased
germination rate
Increased shoot and
root growth
Increased
germination rate,
shoot and root
growth
Increased
germination rate,
root growth
Increase height and
chlorophyll content
Increased
germination rate,
inhibited seedling
growth
Increased seedling
growth rate
Increased
germination and
seedling growth
rate
Increased root
length, shoot
length, root fresh
weight and
chlorophyll content
Increased root
length, shoot
length, root fresh
weight and
chlorophyll content
Increased root
length, shoot
length, root fresh
weight and
chlorophyll content
Osmotic stress
alleviation
Increased growth,
nutrient uptake and
amino acid content

Increased height,
stem diameter, dry
root and shoot
weight
Salt stress
alleviation

Limanska et al., 2013

Bacteriogenic
metabolites

Limanska et al., 2013

Bacteriogenic IAA

Mohite, 2013

None

Rzhevskaya et al., 2014

None

Rzhevskaya et al., 2014

None

Rzhevskaya et al., 2014

Bacteriogenic IAA,
phosphate
solubilization

Shrestha et al., 2014

Bacteriogenic IAA,
phosphate
solubilization

Shrestha et al., 2014

Bacteriogenic IAA,
phosphate
solubilization

Shrestha et al., 2014

Bacteriogenic NO
signaling
Increased nutrient
availability via
succinic acid and
lactic acid
production
Phosphate
solubilization,
nitrogen ﬁxation

Yarullina et al., 2014

Altered plant stress
response

Kang et al., 2015

Giassi et al., 2016

Phoboo et al., 2016
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increasing food, ﬁber, and energy demands from a growing population will force more agricultural production onto marginal lands,
imposing even more stress on food production globally. Stress
alleviation with microbial treatments offers a low-input, lowenvironmental impact way to sustain food production in a more
stressful environment.
Extremophilic microorganisms; those which live in extreme
environments, often play an important, or even essential, role in the
survival of plants native to harsh environments (Rodriguez and
Redman, 2008). The ability of symbiotic microorganisms to alleviate abiotic stresses in their host plant has been well documented.
In fact, the effects of many PGPM are only noticeable when plants
are subjected to environmental stress (Wang et al., 2012;
Subramanian, 2014; Prudent et al., 2015). PGPM can improve the
ability of plants to withstand stressful environments by protecting
plants from abiotic stresses or by altering the stress response of the
plant, thus improving the survival of the entire phytomicrobiome.
Production of reactive oxygen species (ROS) and ethylene are
also common plant stress responses. Both aid in responding to and
withstanding stress at low concentrations, but are detrimental at
higher concentrations. Increasing tissue concentrations of ROS
prompts the production of enzymatic and non-enzymatic antioxidants, which scavenge ROS; protecting plants from the harmful
oxidizing effects of ROS. Plants will often synthesize osmolytes,
such as proline, to regulate cellular osmotic potential in response to
a variety of abiotic stresses.
Strains of Lactobacillus have been shown to ameliorate abiotic
stress in plants (Table 2). Phoboo et al. (2016) found that clones of
the medicinal plant, Swertia chirayita, that were inoculated with
L. plantarum (ATCC 9019) were more resilient to salt stress. Plants
treated with L. plantarum had an altered metabolic response to salt
stress. With increasing salt concentrations, treated plants had
increased concentrations of proline and decreasing total phenolic
concentrations whereas untreated plants had consistently low
proline concentrations and consistently high phenolic concentrations across salt concentrations. Treated plants also had decreasing
antioxidant activity with increasing salt concentrations except for
guaiacol peroxidase, which increased with increasing salt
concentrations.
Strains of L. plantarum has been shown to produce a variety of
polyamines, including putrescene, citrulline and ornithine (Arena
and Manca de Nadra, 2001). Bacterial plant growth promotion
was observed in a pot experiment in which bean plants were grown
in soil inoculated with a polyamine-producing strain of Streptomyces griseoluteus (Nassar et al., 2003). While the relationship is
not yet elucidated, there appears to be a link between polyamines
and plant stress response pathways, including the NO pathway
(Yamasaki and Cohen, 2006; Pang et al., 2007; Hussain et al., 2011;
Alc
azar and Tiburcio, 2014). The ability of LAB to produce polyamines, NO, or other signal molecules may contribute to plant
growth stimulation or stress alleviation.
Microbe-associated molecular patterns (MAMPs) are known to
change plant response to biotic stresses (Henry et al., 2012) and
abiotic stresses and it is likely that MAMPs produced by LAB are
responsible for increases resilience of plants treated with LAB. None
of these MAMP elicitors for LAB have yet been identiﬁed, but the
identiﬁcation of MAMP elicitor compounds could lead to a better
understanding of the plant-microbe relationship, as well as enable
to puriﬁcation of active MAMP compounds for use as bioelicitors.
Many of the intricacies of plant stress response networks have
yet to be completely understood, but it appears that treatment with
LAB can signiﬁcantly alter plant stress response to the beneﬁt of the
plant.

7. LAB as biostimulant
Some plant growth promoting microorganisms produce hormones that can stimulate plant growth (Tsavkelova et al., 2006);
however, there is little evidence that bacteriogenic hormones play a
signiﬁcant role in plant growth stimulation by LAB. L. acidophilus
has been reported to produce cytokinens (Lynch, 1985), and some
strains of Lactobacillus have been shown to produce indole-3-acetic
acid (IAA) (Mohite, 2013; Shrestha et al., 2014; Giassi et al., 2016)
while others do not (Kang et al., 2015).
While Lactobacillus has been shown to promote growth in
diverse crops (Table 2), the underlying mechanisms of this biostimulation remain unclear. There appears to be plant and strain
speciﬁcity in Lactobacillus phytostimulation. Screens of hundreds of
Lactobacillus strains may only yield a few stimulatory strains (Lutz
et al., 2012). Furthermore, different strains of the same Lactobacillus
species may produce different morphological changes in the same
plant (Hamed et al., 2011; Limanska et al., 2013; Rzhevskaya et al.,
2014).
Most early EM research did not characterize the activity of individual members of the EM consortium, however, Higa and Kinjo
(1991) found that radish had a dose-dependent growth response to
varying concentrations of L. plantarum cultures, with plants treated
with the greatest concentration of culture growing larger than
untreated plants. Treatment with the EM consortium can also affect
plant growth and development directly. Applications of an EM
product containing at least ﬁve Lactobacillus strains changed the
morphology of Lolium perenne, to make it less susceptible to mechanical damage associated with turf grass management (Gaggìa
et al., 2013). Axel et al. (2012) suggest elucidating the role of LAB
in EM by isolating LAB members of the EM consortia to test for
bioactivity.
Kang et al. (2015) investigated the effects of three potential
members of an EM consortia, Rhodobacter sphaeroides, Saccharomyces cerevisiae and Lactobacillus plantarum on the growth and
development of cucumber. All three microorganisms increased
cucumber growth, nutrient uptake and amino acid content. The
plant growth stimulation observed for R. sphaeroides was attributed
to large quantities of IAA, measured in R. sphaeroides media ﬁltrate.
There was no IAA detected in media ﬁltrate from L. plantarum,
suggesting it produced another compound that inﬂuenced plant
growth. In contrast, others have suggested IAA produced by LAB is
responsible for plant growth promotion (Mohite, 2013; Shrestha
et al., 2014). LAB likely promote plant through diverse environmental-, strain-, and host-dependant mechanisms, which have yet
to be elucidated.
8. Limitations and new directions
Some of the major limitations to widespread implementation of
PGPMs are developing effective and efﬁcient methods to screen for
PGPMs; ensuring PGPMs can survive and have the desired bioactivity in the ﬁeld environment; and developing effective and efﬁcient formulations for applying PGPMs (Le Mire et al., 2016).
Traditional methods of screening for PGPMs in vitro may not be
adequate to discover all PGPMs. For example, de Melo Pereira et al.
(2012) screened strawberry fruit for potential PGPM endophytes,
and, while they found several strain of L. plantarum, the only
criteria used to identify PGPM were IAA production, N ﬁxation and
siderophore production. Along with overlooking strains that may
be effective PGPMs, in vitro screens may identify strains as good
PGPM candidates that do not preform well in the ﬁeld. In their
investigation of LAB as BCAs, Visser and Holzapfel (1992) found
there is often there is little correlation between in vitro antagonism
and practical pathogen control in the ﬁeld.
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As with other PGPMs, a major limitation to the use of LAB in
agricultural applications is its ability to survive and produce sufﬁcient quantities of bioactive metabolites in the required environments. Visser and Holzapfel (1992) suggested this could be
overcome by isolating or engineering strains that are well suited to
the phyllosphere environment; applying cultures with essential
nutrients or protective carriers; reapplying cultures to maintain
high numbers of viable cells; however, these methods are
cumbersome, and time consuming. Using plant growth promoting
LAB selectively in environments which are more conducive to its
growth; such as fruits, ﬂowers, and highly organic soils, may be
another option. This approach has been successful in the control of
ﬂoral pathogens of rosaceous tree crops (Bonaterra et al., 2013;
 et al., 2013), and shows great poMartinez et al., 2008; Rosello
tential in the control of postharvest pathogens (Trias et al., 2008).
Another approach would be to produce bioactive compounds
from LAB grown under ideal conditions in bioreactors. Supernatants from LAB bioreactors, or even puriﬁed bioactive compounds
could then be applied to crops, and the survival of the LAB would
not be a concern. Furthermore, some research has shown that
excreted metabolites are responsible for the activity of LAB (Omer
et al., 2010; Limanska et al., 2015a, b). The strategy of isolating
and purifying bacteriogenic bioactive compounds has been successfully employed for the phytostimulatory bacteriocin from Bacillus thuringiensis NEB17, thuricin 17 (Gray et al., 2006); and the
phytostimulatory lipo-chitooligosaccharide from Bradyrhizobium
japonicum 532C (Prithiviraj et al., 2003.
Although LAB can survive under harsh environmental conditions, they have complex nutritional requirements for growth.
There has been some research into formulating LAB media based in
organic wastes from sugar beet (Krzywonos and Eberhard, 2011)
and sweet potato processing (Hayek et al., 2013) on an industrial
scale, but a consistent LAB medium is needed to improve the sustainability of industrial LAB culture. Higa and Kinjo (1991) suggest
that LAB are not as effective as a pure culture and should be applied
in a consortium of complimentary microorganisms, such as EM. In
the EM framework, the complex nutritional requirements of LAB
are satisﬁed with metabolites from other members of the consortium. In contrast to this view, Giassi et al. (2016) found that
inoculation with a pure LAB strain promoted growth, but a mixture
of this LAB strain and other PGPBs did not promote plant growth,
suggesting inhibitory competition between strains. With this in
mind, PGPM consortia must be carefully designed to avoid
incompatibility.
LAB strains can improve plant production by improving nutrient
availability, acting as a BCA, alleviating biotic and biotic stresses,
and directly stimulating plant growth. These plant growth promoting characteristics paired with their long history in food science, and the GRAS status of many LAB, including all lactobacilli,
make them particularly well suited for applications in plant production. Despite being a common member of the phytomicrobiome, LAB have been largely overlooked as potential PGPBs.
Historical and current research demonstrates a clear potential for
LAB as useful, renewable and safe agricultural inputs to improve
plant growth. Re-examining uses for such ubiquitous organisms
could contribute to solving some of the issues facing food production in the 21st century.
References
Ahn, K., Lee, K.B., Kim, Y.J., Koo, Y.M., 2014. Quantitative analysis of the three main
genera in effective microorganisms using qPCR. Korean Journal of Chemical
Engineering 31 (5), 849e854.
Alc
azar, R., Tiburcio, A.F., 2014. Plant polyamines in stress and development: an
emerging area of research in plant sciences. Frontiers in Plant Science 5 (319).
Arena, M.E., Manca de Nadra, M.C., 2001. Biogenic amine production by

7

Lactobacillus. Journal of Applied Microbiology 90 (2), 158e162.
Avis, T.J., Gravel, V., Antoun, H., Tweddell, R.J., 2008. Multifaceted beneﬁcial effects
of rhizosphere microorganisms on plant health and productivity. Soil Biology
and Biochemistry 40 (7), 1733e1740.
Axel, C., Zannini, E., Coffey, A., Guo, J., Waters, D.M., Arendt, E.K., 2012. Ecofriendly
control of potato late blight causative agent and the potential role of lactic acid
bacteria: a review. Applied Microbiology and Biotechnology 96 (1), 37e48.
Baffoni, L., Gaggia, F., Dalanaj, N., Prodi, A., Nipoti, P., Pisi, A., Di Gioia, D., 2015.
Microbial inoculants for the biocontrol of Fusarium spp. in durum wheat. BMC
Microbiology 15 (242).
Bais, H.P., Weir, T.L., Perry, L.G., Gilroy, S., Vivanco, J.M., 2006. The role of root exudates in rhizosphere interactions with plants and other organisms. Annual
Reviews in Plant Biology 57, 233e266.
Bettiol, W., Astiarraga, B.D., 1998. Controle de Sphaerotheca fuliginea em abobrinha
~o gluta
^mica do melaço e produto la
cteo fermentado.
com resíduo da fermentaça
Fitopatologia Brasileira 23 (4), 1e5.
Bettiol, W., Silva, H.S., Reis, R.C., 2008. Effectiveness of whey against zucchini squash
and cucumber powdery mildew. Scientia Horticulturae 117 (1), 82e84.
 , G., France
s, J., Montesinos, E., 2013.
Bonaterra, A., Cabreﬁga, J., Mora, I., Rosello
Gram-positive bacteria producing antimicrobial peptides as efﬁcient biocontrol
agents of ﬁre blight. In: XIII International Workshop on Fire Blight, vol. 1056,
pp. 117e122.
Chen, Y.S., Yanagida, F., Shinohara, T., 2005. Isolation and identiﬁcation of lactic acid
bacteria from soil using an enrichment procedure. Letters in Applied Microbiology 40 (3), 195e200.
ment, C., Barka, E.A., 2005. Use of plant growthCompant, S., Duffy, B., Nowak, J., Cle
promoting bacteria for biocontrol of plant diseases: principles, mechanisms of
action, and future prospects. Applied and Environmental Microbiology 71 (9),
4951e4959.
Crisp, P., Wicks, T.J., Troup, G., Scott, E.S., 2006. Mode of action of milk and whey in
the control of grapevine powdery mildew. Australasian Plant Pathology 35 (5),
487e493.
DeBacco, M., 2011. Compost Tea and Milk to Suppress Powdery Mildew (Podosphaera Xanthii) on Pumpkins and Evaluation of Horticultural Pots Made from
Recyclable Fibers under Field Conditions. Masters Thesis. University of
Connecticut.
Ekundayo, F.O., 2014. Isolation and identiﬁcation of lactic acid bacteria from
rhizosphere soils of three fruit trees, ﬁsh and ogi. International Journal of
Current Microbiology and Applied Sciences 3 (3), 991e998.
Elmabrok, A.S., Hussin, K., 2012. Screening of lactic acid bacteria as biocontrol
against (Colletotrichum capsici) on chilli Bangi. Research Journal of Applied
Sciences 7 (9e12), 466e473.
Ferrandino, F.J., Smith, V.L., 2007. The effect of milk-based foliar sprays on yield
components of ﬁeld pumpkins with powdery mildew. Crop Protection 26 (4),
657e663.
Fhoula, I., Najjari, A., Turki, Y., Jaballah, S., Boudabous, A., Ouzari, H., 2013. Diversity
and antimicrobial properties of lactic acid bacteria isolated from rhizosphere of
olive trees and desert trufﬂes of Tunisia. BioMed Research International 2013.
https://www.hindawi.com/journals/bmri.
Focht, D.D., Martin, J.P., 1979. Microbiological and biochemical aspects of semi-arid
agricultural soils. In: Agriculture in Semi-arid Environments. Springer, Berlin
Heidelberg, pp. 119e147.
Gaggìa, F., Baffoni, L., Di Gioia, D., Accorsi, M., Bosi, S., Marotti, I., Biavati, B.,
Dinelli, G., 2013. Inoculation with microorganisms of Lolium perenne L.: evaluation of plant growth parameters and endophytic colonization of roots. New
Biotechnology 30 (6), 695e704.
Garsa, A.K., Kumariya, R., Sood, S.K., Kumar, A., Kapila, S., 2014. Bacteriocin production and different strategies for their recovery and puriﬁcation. Probiotics
and Antimicrobial Proteins 6 (1), 47e58.
Giassi, V., Kiritani, C., Kupper, K.C., 2016. Bacteria as growth-promoting agents for
citrus rootstocks. Microbiological Research 190, 46e54.
Gray, E.J., Lee, K.D., Souleimanov, A.M., Di Falco, M.R., Zhou, X., Ly, A., Smith, D.L.,
2006. A novel bacteriocin, thuricin 17, produced by plant growth promoting
rhizobacteria strain Bacillus thuringiensis NEB17: isolation and classiﬁcation.
Journal of Applied Microbiology 100 (3), 545e554.
Grayston, S.J., Wang, S., Campbell, C.D., Edwards, A.C., 1998. Selective inﬂuence of
plant species on microbial diversity in the rhizosphere. Soil Biology and
Biochemistry 30 (3), 369e378.
Gupta, R., Srivastava, S., 2014. Antifungal effect of antimicrobial peptides (AMPs
LR14) derived from Lactobacillus plantarum strain LR/14 and their applications
in prevention of grain spoilage. Food Microbiology 42, 1e7.
Hamed, H.A., Moustafa, Y.A., Abdel-Aziz, S.M., 2011. In vivo efﬁcacy of lactic acid
bacteria in biological control against Fusarium oxysporum for protection of
tomato plant. Life Science Journal 8 (4), 462e468.
Hayek, S.A., Shahbazi, A., Awaisheh, S.S., Shah, N.P., Ibrahim, S.A., 2013. Sweet potatoes as a basic component in developing a medium for the cultivation of
lactobacilli. Bioscience, Biotechnology, and Biochemistry 77 (11), 2248e2254.
Henry, G., Thonart, P., Ongena, M., 2012. PAMPs, MAMPs, DAMPs and others: an
update on the diversity of plant immunity elicitors. Biotechnologie, Agronomie,
 te
 et Environnement 16 (2), 257e268.
Socie
Higa, T., 1991. Effective microorganisms: a biotechnology for mankind. In: Parr, J.F.,
Hornick, S.B., Whitman, C.E. (Eds.), Proceedings of the First International Conference on Kyusei Nature Farming. US Department of Agriculture, Washington,
DC, pp. 8e14.
Higa, T., 2001. The technology of effective microorganisms-concept and philosophy.

8

J.R. Lamont et al. / Soil Biology & Biochemistry 111 (2017) 1e9

In: Proceedings of a Seminar on the Application of Effective Microorganisms
(EM) Techniques in Organic Farming. organised by the International Society of
the Royal Agricultural College.
Higa, T., Kinjo, S., 1991. Effect of lactic acid fermentation bacteria on plant growth
and soil humus formation. In: Parr, J.F., Hornick, S.B., Whitman, C.E. (Eds.),
Proceedings of the First International Conference on Kyusei Nature Farming. US
Department of Agriculture, Washington, DC, pp. 140e147.
Hu, C., Qi, Y., 2010. Effect of compost and chemical fertilizer on soil nematode
community in a Chinese maize ﬁeld. European Journal of Soil Biology 46 (3),
230e236.
Hussain, T., Javaid, T., Parr, J.F., Jilani, G., Haq, M.A., 1999. Rice and wheat production
in Pakistan with effective microorganisms. American Journal of Alternative
Agriculture 14 (01), 30e36.
Hussain, S.S., Ali, M., Ahmad, M., Siddique, K.H., 2011. Polyamines: natural and
engineered abiotic and biotic stress tolerance in plants. Biotechnology Advances
29 (3), 300e311.
Jacobs, M.J., Bugbee, W.M., Gabrielson, D.A., 1985. Enumeration, location, and
characterization of endophytic bacteria within sugar beet roots. Canadian
Journal of Botany 63 (7), 1262e1265.
Javaid, A., 2011. Effects of biofertilizers combined with different soil amendments
on potted rice plants. Chilean Journal of Agricultural Research 71 (1), 157e163.
Javaid, A., Bajwa, R., 2011. Field evaluation of effective microorganisms (EM)
application for growth, nodulation, and nutrition of mung bean. Turkish Journal
of Agriculture and Forestry 35 (4), 443e452.
Javaid, A., Mahmood, N., 2010. Growth, nodulation and yield response of soybean to
biofertilizers and organic manures. Pakistan Journal of Botany 42 (2), 863e871.
Jones, D.L., 1998. Organic acids in the rhizosphereea critical review. Plant and Soil
205 (1), 25e44.
Kang, S.M., Radhakrishnan, R., You, Y.H., Khan, A.L., Park, J.M., Lee, S.M., Lee, I.J.,
2015. Cucumber performance is improved by inoculation with plant growthpromoting microorganisms. Acta Agriculturae Scandinavica, Section Bdsoil &
Plant Science 65 (1), 36e44.
Kao, C.T., Frazier, W.C., 1966. Effect of lactic acid bacteria on growth of Staphylococcus aureus. Applied Microbiology 14 (2), 251e255.
Katz, S.E., 2008. Wild Fermentation: the Flavor, Nutrition, and Craft of Live-culture
Foods. Chelsea Green Publishing.
Katz, S.E., 2012. The Art of Fermentation: an In-depth Exploration of Essential
Concepts and Processes from Around the World. Chelsea Green Publishing.
Khaliq, A., Abbasi, M.K., Hussain, T., 2006. Effects of integrated use of organic and
inorganic nutrient sources with effective microorganisms (EM) on seed cotton
yield in Pakistan. Bioresource Technology 97 (8), 967e972.
Konappa, N.M., Maria, M., Uzma, F., Krishnamurthy, S., Nayaka, S.C., Niranjana, S.R.,
Chowdappa, S., 2016. Lactic acid bacteria mediated induction of defense enzymes to enhance the resistance in tomato against Ralstonia solanacearum
causing bacterial wilt. Scientia Horticulturae 207, 183e192.
Konings, W.N., Kok, J., Kuipers, O.P., Poolman, B., 2000. Lactic acid bacteria: the bugs
of the new millennium. Current Opinion in Microbiology 3 (3), 276e282.
Korotaeva, N.V., Kondratiuk, T.V., Basiul, O.V., Krylova, K.D., Yamborko, G.V.,
Ivanytsia, V.O., Limanska, N.V., 2013. Effect of Lactobacillus plantarum ONU87 in
mixture with autolysate of erwinias on formation of tumors caused by Rhizobium radiobacter С58. Мікробіологія І Біотехнологія 2, 6e14.
Krzywonos, M., Eberhard, T., 2011. High density process to cultivate Lactobacillus
plantarum biomass using wheat stillage and sugar beet molasses. Electronic
Journal of Biotechnology 14 (2), 6e6.
Kyan, T., Shintani, M., Kanda, S., Sakurai, M., Ohashi, H., Fujisawa, A., Pongdit, S.,
1999. Kyusei Nature Farming and the Technology of Effective Microorganisms.
Asian Paciﬁc Natural Agricultural Network, Atami, Japan.
Leifert, C., Berger, F., Stewart, G.S.A.B., Waites, W.M., 1994. Plasmid proﬁles of
Lactobacillus plantarum spp. found as contaminants in Hemerocallis plant tissue
cultures. Letters in Applied Microbiology 19 (5), 377e379.
Li, Y., Park, S.Y., Zhu, J., 2011. Solid-state anaerobic digestion for methane production
from organic waste. Renewable and Sustainable Energy Reviews 15 (1),
821e826.
Limanska, N., Ivanytsia, T., Basiul, O., Krylova, K., Biscola, V., Chobert, J.M.,
, T., 2013. Effect of Lactobacillus plantarum on germination
Ivanytsia, V., Haertle
and growth of tomato seedlings. Acta Physiologiae Plantarum 35 (5),
1587e1595.
Limanska, N.V., Babenko, D.O., Yamborko, G.V., Ivanytsia, V.O., 2015a. Detection of
plantaricin genes in strains of Lactobacillus plantarumeantagonists of phytopathogenic bacteria. Мікробіологія І Біотехнологія 2, 27e33.
Limanska, N., Korotaeva, N., Biscola, V., Ivanytsia, T., Merlich, A., Franco, B.D.G.M.,
, T., 2015b. Study of the potential application of lactic acid bacteria in the
Haertle
control of infection caused by Agrobacterium tumefaciens. Journal of Plant Pathology & Microbiology 6 (8).
Lutz, M.P., Michel, V., Martinez, C., Camps, C., 2012. Lactic acid bacteria as biocontrol
agents of soil-borne pathogens. Biological Control of Fungal and Bacterial Plant
Pathogens, IOBC-WPRS Bulletin 78, 285e288.
Lynch, J.M., 1985. Origin, nature and biological activity of aliphatic substances and
growth hormones found in soil. In: Vaughan, D., Malcolm, R.E. (Eds.), Soil
Organic Matter and Biological Activity. Springer, Netherlands, pp. 151e174.
MacDonald, P., 1981. The Biochemistry of Silage. John Wiley & Sons, Ltd.
Martin, C.C.S., 2014. Potential of compost tea for suppressing plant diseases. CAB
Reviews: Perspectives in Agriculture, Veterinary Science, Nutrition and Natural
Resources 9 (32), 1e12.
Martin, K., Sauerborn, J., 2013. Agroecology. Springer.

~ ez, A., Ojeda, D., 2008. Effect of increased epiphytic population on
Martinez, J., Nun
reduction of ﬁre blight (Erwinia amylovora) infection on apple trees. In: Organic
Fruit Conference, 873, pp. 85e88.
Mayer, J., Scheid, S., Widmer, F., Fließbach, A., Oberholzer, H.R., 2010. How effective
are ‘Effective microorganisms®(EM)’? Results from a ﬁeld study in temperate
climate. Applied Soil Ecology 46 (2), 230e239.
McInroy, J.A., Kloepper, J.W., 1991. Novel bacterial taxa inhabiting internal tissues of
sweet corn and cotton. In: Ryder, M.H., Stephens, P.M., Bowen, G.D. (Eds.),
Improving Plant Productivity with Rhizosphere Bacteria. CSIRO, Adelaide,
Australia, p. 190.
Medeiros, F.H., Bettiol, W., Souza, R.M., Alves, E., Pinto, Z.V., Iost, R., 2012. Microorganisms, application timing and fractions as players of the milk-mediated
powdery mildew management. Crop Protection 40, 8e15.
de Melo Pereira, G.V., Magalh~
aes, K.T., Lorenzetii, E.R., Souza, T.P., Schwan, R.F., 2012.
A multiphasic approach for the identiﬁcation of endophytic bacterial in
strawberry fruit and their potential for plant growth promotion. Microbial
Ecology 63 (2), 405e417.
Minervini, F., Celano, G., Lattanzi, A., Tedone, L., De Mastro, G., Gobbetti, M., De
Angelis, M., 2015. Lactic Acid Bacteria in durum wheat ﬂour are endophytic
components of the plant during its entire life cycle. Applied and Environmental
Microbiology 81 (19), 6736e6748.
Le Mire, G., Nguyen, M., Fassotte, B., du Jardin, P., Verheggen, F., Delaplace, P.,
Jijakli, H., 2016. Review: implementing biostimulants and biocontrol strategies
in the agroecological management of cultivated ecosystems. Biotechnologie,
te
 et Environnement 20, 1e15.
Agronomie, Socie
Mohite, B., 2013. Isolation and characterization of indole acetic acid (IAA) producing
bacteria from rhizospheric soil and its effect on plant growth. Journal of Soil
Science and Plant Nutrition 13 (3), 638e649.
Müller, T., Seyfarth, W., 1997. Starvation and nonculturable state in plant-associated
lactic acid bacteria. Microbiological Research 152 (1), 39e43.
Mundt, J.O., Hammer, J.L., 1968. Lactobacilli on plants. Applied Microbiology 16 (9),
1326e1330.
Murthy, K.N., Malini, M., Savitha, J., Srinivas, C., 2012. Lactic acid bacteria (LAB) as
plant growth promoting bacteria (PGPB) for the control of wilt of tomato caused
by Ralstonia solanacearum. Pest Management in Horticultural Ecosystems 18
(1), 60e65.
Naidu, A.S., Bidlack, W.R., Clemens, R.A., 1999. Probiotic spectra of lactic acid bacteria (LAB). Critical Reviews in Food Science and Nutrition 39 (1), 13e126.
Naidu, Y., Meon, S., Siddiqui, Y., 2012. In vitro and in vivo evaluation of microbialenriched compost tea on the development of powdery mildew on melon.
BioControl 57 (6), 827e836.
Nassar, A.H., El-Tarabily, K.A., Sivasithamparam, K., 2003. Growth promotion of bean
(Phaseolus vulgaris L.) by a polyamine-producing isolate of Streptomyces griseoluteus. Plant Growth Regulation 40 (2), 97e106.
Omer, Z.S., Jacobsson, K., Eberhard, T.H., Johansson, L.K.H., 2010. Bacteria considered
as biocontrol agents to control growth of white clover on golf courses. Acta
Agriculturae Scandinavica Section Besoil and Plant Science 60 (3), 193e198.
Pandey, A., Bringel, F., Meyer, J.M., 1994. Iron requirement and search for siderophores in lactic acid bacteria. Applied Microbiology and Biotechnology 40 (5),
735e739.
Pang, X.M., Zhang, Z.Y., Wen, X.P., Ban, Y., Moriguchi, T., 2007. Polyamines, allpurpose players in response to environment stresses in plants. Plant Stress 1
(2), 173e188.
Partanen, P., Hultman, J., Paulin, L., Auvinen, P., Romantschuk, M., 2010. Bacterial
diversity at different stages of the composting process. BMC Microbiology 10
(1), 94.
Paulsen, H.M., Schrader, S., Schnug, E., 2009. A critical assessment of the Rusch
theory on soil fertility as basis for soil management in organic farming. Land€lkenrode 59 (3), 253e268.
bauforschung Vo
Phoboo, S., Sarkar, D., Bhowmik, P.C., Jha, P.K., Shetty, K., 2016. Improving salinity
resilience in Swertia chirayita clonal line with Lactobacillus plantarum. Canadian
Journal of Plant Science 96 (1), 117e127.
Prithiviraj, B., Zhou, X., Souleimanov, A., Kahn, W., Smith, D., 2003. A host-speciﬁc
bacteria-to-plant signal molecule (Nod factor) enhances germination and early
growth of diverse crop plants. Planta 216 (3), 437e445.
Prudent, M., Salon, C., Souleimanov, A., Emery, R.J.N., Smith, D.L., 2015. Soybean is
less impacted by water stress using Bradyrhizobium japonicum and thuricin-17
from Bacillus thuringiensis. Agronomy for Sustainable Development 35,
749e757.
s, J., Kameyama, L.,
Reyes-Escogido, L., Balam-Chi, M., Rodríguez-Buenﬁl, I., Valde
rez, F., 2010. Puriﬁcation of bacterial genomic DNA in less than 20
Martínez-Pe
min using chelex-100 microwave: examples from strains of lactic acid bacteria
isolated from soil samples. Antonie Van Leeuwenhoek 98 (4), 465e474.
Rodriguez, R., Redman, R., 2008. More than 400 million years of evolution and some
plants still can't make it on their own: plant stress tolerance via fungal symbiosis. Journal of Experimental Botany 59, 1109e1114.
, G., Bonaterra, A., France
s, J., Montesinos, L., Badosa, E., Montesinos, E., 2013.
Rosello
Biological control of ﬁre blight of apple and pear with antagonistic Lactobacillus
plantarum. European Journal of Plant Pathology 137 (3), 621e633.
Rzhevskaya, V.S., Teplitskaya, L.M., Oturina, I.P., 2013. Colonization of Rhizoplane of
Cucumber Roots by Microorganisms Which Are Components of the Microbial
Preparation “Embiko®”, vol. 4. Visnyk of Dnipropetrovsk University, pp. 63e70.
Biology, Medicine.
Rzhevskaya, V.S., Oturina, I.P., Teplitskaya, L.M., 2014. Study of the biological characteristics of the lactic acid bacteria strains. Серия Биология, химия 27 (66),

J.R. Lamont et al. / Soil Biology & Biochemistry 111 (2017) 1e9
145e160.
Sangmanee, P., Hongpattarakere, T., 2014. Inhibitory of multiple antifungal components produced by Lactobacillus plantarum K35 on growth, aﬂatoxin production and ultrastructure alterations of Aspergillus ﬂavus and Aspergillus
parasiticus. Food Control 40, 224e233.
Scheuerell, S., Mahaffee, W., 2002. Compost tea: principles and prospects for plant
disease control. Compost Science & Utilization 10 (4), 313e338.
Shrestha, A., Choi, K.U., Lim, C.K., Hur, J.H., Cho, S.Y., 2009a. Antagonistic effect of
Lactobacillus sp. Strain KLF01 against plant pathogenic bacteria Ralstonia solanacearum. The Korean Journal of Pesticide Science 13 (1), 45e53.
Shrestha, A., Kim, E.C., Lim, C.K., Cho, S.Y., Hur, J.H., Park, D.H., 2009b. Biological
control of soft rot on Chinese cabbage using beneﬁcial bacterial agents in
greenhouse and ﬁeld. The Korean Journal of Pesticide Science 13 (4), 325e331.
Shrestha, A., Kim, B.S., Park, D.H., 2014. Biological control of bacterial spot disease
and plant growth-promoting effects of lactic acid bacteria on pepper. Biocontrol
Science and Technology 24 (7), 763e779.
Skujins, J., 1984. Microbial ecology of desert soils. In Advances in microbial ecology.
In: Marshall, K.C. (Ed.), Advances in Microbial Ecology, vol. 7. Springer, US,
pp. 49e91.
€rd, M., 2015a. Signaling in
Smith, D.L., Subramanian, S., Lamont, J.R., Bywater-Ekega
the phytomicrobiome: breadth and potential. Frontiers in Plant Science 6 (709).
Smith, D.L., Praslickova, D., Ilangumaran, G., 2015b. Inter-organismal signaling and
management of the phytomicrobiome. Frontiers in Plant Science 6 (722).
Somers, E., Amke, A., Croonenborghs, A., van Overbeek, L.S., Vanderleyden, J., 2007.
Lactic Acid Bacteria in Organic Agricultural Soils. Poster presentation. Plant
Research International, Montpellier.
Stoyanova, L.G., Ustyugova, E.A., Netrusov, A.I., 2012. Antibacterial metabolites of
lactic acid bacteria: their diversity and properties. Applied Biochemistry and
Microbiology 48 (3), 229e243.
Subramanian, S., 2014. Mass Spectometry Based Proteome Proﬁling to Understand
the Effects of Lipo-chito-oligasaccharide and Thuricin 17 in Arabldopsis Thaliana and Glycine Max under Salt Stress. PhD Thesis. Mcgill University.
Tramer, J., 1966. Inhibitor effect of Lactobacillus acidophilus. Nature 211 (5045),
204e205.
~ eras, L., Seguí, E.M., Romanyo
, E.B., 2008. Lactic acid bacteria from fresh
Trias, R., Ban
fruit and vegetables as biocontrol agents of phytopathogenic bacteria and fungi.
International Microbiology: Ofﬁcial Journal of the Spanish Society for Microbiology 11 (4), 231e236.
Tsavkelova, E.A., Klimova, S.Y., Cherdyntseva, T.A., Netrusov, A.I., 2006. Microbial

View publication stats

9

producers of plant growth stimulators and their practical use: a review. Applied
Biochemistry and Microbiology 42 (2), 117e126.
Vessey, J.K., 2003. Plant growth promoting rhizobacteria as biofertilizers. Plant and
Soil 255 (2), 571e586.
Visser, R., Holzapfel, W.H., 1992. Lactic acid bacteria in the control of plant pathogens. In: Wood, B.J.B. (Ed.), The Lactic Acid Bacteria, vol. 1. Springer, US,
pp. 193e210.
, J.M., 1986. Antagonism of lactic
Visser, R., Holzapfel, W.H., Bezuidenhout, J.J., Kotze
acid bacteria against phytopathogenic bacteria. Applied and Environmental
Microbiology 52 (3), 552e555.
de Vuyst, L., Vandamme, E.J., 1994. Lactic acid bacteria and bacteriocins: their
practical importance. In: de Vuyst, L., Vandamme, E.J. (Eds.), Bacteriocins of
Lactic Acid BacteriaSpringer, US, pp. 1e11.
Wang, H., Yan, H., Shin, J., Huang, L., Zhang, H., Qi, W., 2011. Activity against plant
pathogenic fungi of Lactobacillus plantarum IMAU10014 isolated from Xinjiang
koumiss in China. Annals of Microbiology 61 (4), 879e885.
Wang, N., Khan, W., Smith, D.L., 2012. Changes in soybean global gene expression
after application of lipo-chitooligosaccharide from Bradyrhizobium japonicum
under sub-optimal temperature. Plos One 7 (2).
Weinberg, E.D., 1997. The Lactobacillus anomaly: total iron abstinence. Perspectives
in Biology and Medicine 40 (4), 578e583.
Wurms, K.V., Hoﬂand-Zijlstra, J.D., Zydenbos, S.M., 2015. Control of powdery
mildew on glasshouse-grown roses and tomatoes in The Netherlands using
anhydrous milk fat and soybean oil emulsions. New Zealand Plant Protection
68, 380e388.
Yamasaki, H., Cohen, M.F., 2006. NO signal at the crossroads: polyamine-induced
nitric oxide synthesis in plants? Trends in Plant Science 11 (11), 522e524.
Yanagida, F., Chen, Y.S., Shinohara, T., 2005. Isolation and characterization of lactic
acid bacteria from soils in vineyards. The Journal of General and Applied
Microbiology 51 (5), 313e318.
Yanagida, F., Chen, Y.S., Shinohara, T., 2006. Searching for bacteriocin-producing
lactic acid bacteria in soil. The Journal of General and Applied Microbiology
52 (1), 21e28.
Yang, E.J., Chang, H.C., 2010. Puriﬁcation of a new antifungal compound produced
by Lactobacillus plantarum AF1 isolated from kimchi. International Journal of
Food Microbiology 139 (1), 56e63.
Yarullina, D.R., Asafova, E.V., Kartunova, J.E., Ziyatdinova, G.K., Ilinskaya, O.N., 2014.
Probiotics for plants: NO-producing lactobacilli protect plants from drought.
Applied Biochemistry and Microbiology 50 (2), 166e168.

