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Editorial on the Research Topic

Beneficial Microbiota Interacting With the Plant Immune System

INTRODUCTION

The Green Revolution during the 50s and 60s was a milestone in the history of mankind. Based
on the principles “higher yields, more food, less poverty and hunger,” it radically transformed
agriculture and dramatically increased global food production (Khush, 2001). Despite the
success, intensive agricultural practices that include the exhaustive use of synthetic fertilizers
and agrochemicals and the overexploitation of natural resources, eventually came with serious
environmental costs (Tang et al., 2021). Today, more and more farmers around the world realize
that the soils used to cultivate monocultures for many years are rapidly degrading (Banwart, 2011).
In addition, the withdrawal of agrochemicals from the market that are effective but unsafe for the
environment and the consumer health created additional difficulties in the control of devastating
pathogens and pests. With the advent of a rapidly growing human population, anticipated to reach
about 10 billion people by the year 2050 (FAO, 2009), a new revolution in agriculture seems to be
more timely than ever in order to sustain and further increase food production (Evans and Lawson,
2020).

Plants are massively colonized by communities of microbes that are referred to as the plant
microbiota. Plant-associated beneficial microbes have long been known to provide important
ecosystem services and promote plant health by enhancing growth, suppressing pathogens and
training plant immunity (Berendsen et al., 2012; Trivedi et al., 2020). Lorenz Hiltner, a pioneer of
microbial ecology, was the first to recognize the important role of beneficial bacteria that colonize
the rhizosphere (Hartmann et al., 2008). Since then, our understanding regarding the structure and
the function of the plant microbiomes has been greatly improved (Tian et al., 2020). Towards a new
Green Revolution that is protective to the environment and safe to humans, the enhanced interest
in the plant microbiome clearly stems from its strong potential to provide eco-friendly solutions
in plant disease protection and novel tools to promote sustainability in agroecosystems (Qiu et al.,
2019).

Understanding the complexity of plant-microbiome interactions is essential to transform
fundamental knowledge to microbiome-informed innovations in modern agriculture. We host
here in this Research Topic, “Beneficial Microbiota Interacting with the Plant Immune System,” 16
articles that enhance our knowledge on the supportive functions of beneficial microbes in plant
disease resistance. In particular, the Topic contains research articles focusing on the protective
functions of individual biological control agents (BCAs) against important diseases in agricultural
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and forest ecosystems, but also metagenomic studies that provide
a more holistic view on the way microbiota interact with
plant immunity. In addition, one method paper presents a
pipeline to dissect selected plant responses to bacteria with
different lifestyles and 5 review articles summarize our current
knowledge on the mechanisms by which beneficial bacteria
and fungi promote host defenses and plant health in below-
and aboveground plant tissues. New experimental platforms
and integrated approaches that combine (meta)-omics with
functional analyses are needed in future research in order to
obtain a comprehensive understanding of the mechanisms by
which beneficial microbes interact with phytopathogens and
plant immunity.

CONTENT COLLECTION

Original Research Articles

By testing more than 500 bacterial isolates, Park et al
identified Bacillus thuringiensis strain JCK-1233 and a specific
diketopiperazine produced by JCK-1233 to induce resistance in
pine trees thereby suppressing the wilt disease caused by the
nematode Bursaphelenchus xylophilus, one of the most important
pests affecting pine forests worldwide. Thus, also in forest
ecosystems where the application of synthetic pesticides against
devastating pests is costly and often complicated by diverse
ecological risks, BCAs could be implemented as eco-friendly and
cost-effective alternatives.

Chen et al. studied the mechanisms by which another
Bacillus strain, Bacillus velezensis CLA178, suppresses the tumors
caused by Agrobacterium infection in the ornamental plant Rosa
multiflora. Combined with work in Arabidopsis, the authors
found that, when applied to the roots, CLA178 promoted plant
growth and further primed the expression of defense genes
regulated by the salicylic acid and ethylene signaling pathways.
The sequenced genome of CLA178 included in the study pave
the way for genome-centered future analyses in order to reveal
the bacterial genetics involved in both phenomena.

Wu et al. utilized pot experiments to demonstrate that the
antagonism between the biocontrol strain Bacillus velezensis
HNO3 and the wilt pathogen of banana Fusarium oxysporum
f. sp. cubense, depends on the nutritional content of the soil.
In particular, the authors found that synchronous application
of HNO03 and compost potentiated the biocontrol outcome of
individual treatments through reciprocal interactions, which the
authors summarize in a conceptual model. Considering that
the application of BCAs in the field often fails to deliver the
anticipated outcomes, this study provides means to enhance the
biocontrol activity of selected BCAs under agricultural settings.

In their genomics study, Samaras et al. provide insights into
the mechanism underpinning the protective functions of Bacillus
subtilis MBI 600, one of the many commercialized Bacillus
strains. The authors sequenced the MBI 600 genome and through
comparative genomics identified common genes to other Bacilli,
but also unique genomic features related to root colonization,
plant growth promotion and biocontrol activity. Interestingly, by
generating an yfp-tagged strain, the authors were able to study
the colonization potential of MBI 600 in the roots of cucumber

in different growth substrates. Overall, this interesting study
demonstrates the power of microbial genetics in dissecting the
mechanisms by which beneficial microbes train immunity and
improve host health.

Sacristan-Pérez-Minayo et al. characterized the effects of two
Pseudomonas strains on sugar beet productivity. When used as
soil inoculants in the field, both beneficials improved the yield
and the quality of the tubers, however, they failed to provide
protection against two important sugar beet pathogens. The
study clearly suggests that delivering multiple traits in the field
could be a difficult task; rather than the application of single
microbes, the application of microbials at the community level
may be a more reasonable approach.

In their study, Chen et al. demonstrated that prolonged
monoculture with the medicinal herb Radix pseudostellariae
reduced the diversity of antagonistic Trichoderma communities
in the rhizosphere, consequently increasing the abundance
of pathogenic Fusarium oxysporum. Interestingly, the
authors found that the application of the Trichoderma
strain T. harzianum ZC51 could improve plant resistance
and reduce the growth inhibitory effect stemming from the
consecutive monoculture. This study clearly shows the impact
of monoculture on the rhizosphere microbiome and further
provides means to improve soil health through the application of
soil beneficials.

The interesting work of Anguita-Maeso et al. reveals that
a wild olive variety that is otherwise resistant to the wilt
fungus Verticillium dahliae becomes susceptible to the pathogen
when propagated in vitro. The authors provide evidence that
in vitro micropropagation of this particular olive accession
alters community structure resulting in the breakdown of
resistance to Verticillium. Thus, the xylem microbiomes could
be exploited as a reliable resistance source to devastating
root-infecting pathogens.

The seedling stage is the most vulnerable time in the life cycle
of a plant, and the role of seed-derived microbiota in promoting
seedling health is well-established. Focusing on rice, Wang et al.
utilized an axenic growth system and carried out metagenomic
analyses to demonstrate that during seed germination, the
pool of microbes that colonize the seeds are separated to
distinct assemblages in the different plant tissues. Interestingly,
the authors found that functions related to plant growth and
pathogen suppression are enriched in the core microbiomes
transferred from the seed to the newly established plants.

Invasive alien plant species (IAPS) may cause severe damage
to natural ecosystems by reducing the richness and abundance
of native plant species. Mikania micrantha, a fast-growing vine,
is ranked amongst the top 100 worst IAPS in the world. Having
the authors previously published the M. micrantha genome,
the exciting metagenomics study of Yin et al. in this collection
indicates that the roots of M. micrantha host more phosphate-
solubilizing and pathogen-suppressive rhizobacteria than the
roots of two coexisting native plant species. Thus, rhizosphere
microbes seem to play important roles in the establishment of
invasive plants and may even act as drivers of plant invasion.

The leaves of the perennial herb Tricyrtis macropoda have
an unusual phenotype with spots covering the leaf surface.
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Wang et al. found that the composition of the fungal microbiome
in the spots differs from the fungal communities in the green
parts. By analyzing the metabolome of spotted and non-spotted
leaf parts, a significant correlation between the endophytic
fungal communities and the production of metabolites has been
established. Overall, this study provides new insights into the
relationship between microbes and plant phenotypes and further
demonstrates the value of -omics toward understanding the
molecular cues driving microbiome assembly in the host.

Methods Articles

Hydrogen peroxide (H,O;) functions as an important signaling
molecule in plants during biotic interactions. Carril et al.
developed a protocol to visualize and quantify H,O, production
in wheat leaves after infection with a pathogenic bacterium or
after co-inoculation of the pathogen with a beneficial bacterium.
DAB staining combined with an imaging analysis pipeline
revealed that co-inoculation yielded less HO; accumulation and
less visible disease symptoms compared to the pathogen infection
alone. Therefore, this protocol can successfully determine
the H,O, levels accumulating in response to bacteria with
different lifestyles.

Review Articles

A fast-growing field of research focuses on microbial biocontrol
in the phyllosphere. Legein et al. review the different factors
influencing microbial adaptation in the phyllosphere. These
factors range from environmental stresses to microbe-microbe
and plant-microbe interactions. The authors present the current
knowledge on the interplay between these factors and dissect
the mechanisms involved in the biocontrol activity of microbial
inoculants in the phyllosphere. Demonstrating examples from in
vitro and field experiments, the authors suggest the integration of
experimental data coming from both sources to design successful
and sustainable biocontrol strategies against leaf pathogens.

Our knowledge on the plant microbiome and the diverse ways
it affects plant fitness is expanding continuously. This is also
demonstrated in the review by Lee and Ryu, where algae are
presented as new members of the beneficial plant microbiome.
The authors discuss their presence on plant tissues and in the soil
and their occurrence in plant microbiome datasets. They further
provide examples highlighting the beneficial effects of algae on
plant growth and disease suppression as well as the mechanisms
involved. Application of algae as biofertilizer to modulate
microbiome activity and improve crop yields is suggested as an
extra alternative to conventional agricultural practices.

Focusing on the three major classes of soil-borne beneficials,
plant growth promoting rhizobacteria, biological control agents
and root nodulating rhizobia, Lucke et al. provide an excellent
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Ectomycorrhizal fungi (EMF) are soil-borne microbes that
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An Optimized in situ Quantification
Method of Leaf H>O5, Unveils
Interaction Dynamics of Pathogenic
and Beneficial Bacteria in Wheat

Pablo Carril'2, Anabela Bernardes da Silva?, Rogério Tenreiro? and Cristina Cruz'™

" Plant-Soil Ecology Laboratory, Center for Ecology, Evolution and Environmental Changes (CE3C), Faculty of Sciences,
University of Lisbon, Lisbon, Portugal, 2 BiolSI - Biosystems and Integrative Sciences Institute, Faculty of Sciences,
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Hydrogen peroxide (H»O») functions as an important signaling molecule in plants during
biotic interactions. However, the extent to which H,O», accumulates during these
interactions and its implications in the development of disease symptoms is unclear.
In this work, we provide a step-by-step optimized protocol for in situ quantification of
relative HoO» concentrations in wheat leaves infected with the pathogenic bacterium
Pseudomonas syringae pv. atrofaciens (Psa), either alone or in the presence of the
beneficial bacterium Herbaspirillum seropedicae (RAM10). This protocol involved the
use of 3-8'diaminobenzidine (DAB) staining method combined with image processing
to conduct deconvolution and downstream analysis of the digitalized leaf image.
The application of a linear regression model allowed to relate the intensity of the
pixels resulting from DAB staining with a given concentration of HyO,. Decreasing
HoOo accumulation patterns were detected at increasing distances from the site
of pathogen infection, and H>O» concentrations were different depending on the
bacterial combinations tested. Notably, Psa-challenged plants in presence of RAM10
accumulated less HoO» in the leaf and showed reduced necrotic symptoms, pointing
to a potential role of RAM10 in reducing pathogen-triggered HoO» levels in young
wheat plants.

Keywords: hydrogen peroxide (H20,), biotic interactions, image processing, color deconvolution, 3-
3’diaminobenzidine (DAB)

INTRODUCTION

Accumulation of reactive oxygen species (ROS) is a common plant response to pathogens,
having many and often contrasting functions depending on the plant-pathogen system under
study (Gonzdlez-Bosch, 2018). Any type of ROS has specific biochemical characteristics and
most of them are extremely unstable (Mittler, 2017). However, hydrogen peroxide (H,O3)

Abbreviations: AUC, area under curve; DAB, 3,3'-diaminobenzidine; Psa, Pseudomonas syringae pv. atrofaciens strain 2213;
RAMI0, Herbaspirillum seropedicae strain RAM10; ROI, region of interest; SDW, sterile deionized water.
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is relatively more stable having a half-life time of more than
1 ms, and is considered the predominant ROS involved in
cellular signaling (Cerny et al., 2018). ROS regulate numerous
immune responses to invading microorganisms, including both
the hypersensitive and programmed cell death responses, the
cross-linking of cell wall proteins, the deposition of callose
or the activation of redox-sensitive genes. Furthermore, ROS,
participate in cell-to cell signal transduction to systemic tissues,
where localized ROS bursts can induce defenses to prepare
(or “prime”) plants for future challenges (Torres et al., 2006;
Noctor et al., 2018).

Changes in ROS levels also occur during beneficial
interactions. Upon contact with plant growth promoting
rhizobacteria (PGPR), plant H,O, levels often increase, and
H,0, accumulation can be primed for enhanced resistance
against pathogens (Ahn et al, 2007). Notably, PGPR can
alleviate oxidative stress by modifying the activity of antioxidant
enzymes and by modulating H,O, concentrations in the leaf
(Lucas et al., 2014; Garcia-Cristobal et al., 2015; Singh and Jha,
2017). As a consequence, PGPR have emerged as a promising
alternative to increase oxidative stress tolerance and disease
resistance in plants (Islam et al., 2014; Pieterse et al., 2014).
Wheat (Triticum aestivum) is challenged by several bacterial
pathogens, which can cause severe diseases and pests (Valencia-
Botin and Cisneros-Lopez, 2012). The pathogen Pseudomonas
syringae pv. atrofaciens (Psa) can infect wheat leaves and cause
longitudinal brown necrotic-like lesions in the in the site of
pathogen entrance resembling those occurring during oxidative
stress as a result of high accumulation of ROS in the infection
point (Duveiller, 1997).

Despite oxidative stress and pathogen responses are well-
studied processes involving H,O, in various ways, it is unclear
how H, O, signaling operates in the presence of both pathogenic
and beneficial bacteria. This study aims to provide an optimized
protocol for in situ detection and quantification of relative H,O,
concentrations in wheat leaves bacterized with pathogenic and
beneficial bacteria, both individually or in combination. This
was achieved by combining the 3-3’diaminobenzidine (DAB)
staining method previously used for plant material (Wang et al,,
2007) and image processing with Fiji/Image] software. The
combination of these techniques enabled the application of a
linear regression model correlating the intensity of the pixels
resulting from DAB staining with a given concentration of
H,0,. This model was suitable for detection and quantification
of relative H,O, accumulation in different leaf areas upon
infiltration with Psa and root-inoculation with the PGPR
Herbaspirillum seropedicae strain RAM10, either individually or
in combination. Furthermore, the area of the lesion caused by
Psa was measured in presence or absence of previous root-
inoculation with RAM10.

This method was suitable to analyze and compare the
differential H,O, induction effect between the experimental
conditions tested. Our results show that H,O, accumulates at
different degrees depending on the leaf region or the different
plant-bacteria interactions. Notably, Psa-challenged plants in
presence of RAMI10 showed reduced H,O, accumulation
as well as less necrotic symptoms in the leaf, suggesting

a PGPR-mediated reduction in oxidative stress levels upon
pathogen challenge.

MATERIALS AND METHODS

Bacterial Growth Conditions

Herbaspirillum seropedicae strain RAM10 (RAMI0), isolated
from Graminaceae plants (Olivares et al., 1996), was grown in
DYGS medium (composition g L™!: 2.0 glucose; 2.0 malic acid;
2.0 yeast extract; 1.5 peptone; 0.5 K;HPOy; 0.5 MgSO4 7H,0;
1.5 L-glutamic acid; pH 6.5) at 28°C and 120 rpm, under dark
conditions overnight. Bacterial cells collected by centrifugation
(2374 x g, 10 min) were washed twice with sterile deionized water
(SDW) and resuspended in 1/4 Hoagland solution (Hoagland
and Arnon, 1950) to a final ODggo = 1 (10° CFU/mL) for root
inoculation of seedlings.

Pseudomonas syringae pv. atrofaciens strain 2213 (Psa),
isolated from T. aestivum plants (McCulloch, 1920) was grown in
NB medium (composition g L™!: 10.0 tryptone; 5.0 meat extract;
5.0 NaCl) at 28°C and 120 rpm, under dark conditions overnight.
Bacterial cells collected by centrifugation (2374 x g, 10 min)
were washed twice and resuspended in SDW to a final density
of 10° CFU/mL for pressure infiltration into the leaves.

Plant Growth Conditions

Wheat (Triticum aestivum cultivar “Trigo mole”) seeds were
surface-sterilized (1.5 min 70% ethanol; 1 x wash in SDW; 3 min
NaOCl; 10x wash in SDW), soaked for 12 h in SDW and heat-
treated (10 min, 50°C; 1 mL/seed). Seeds were then aseptically
transferred to square Petri dishes (20 seeds per dish) containing
1.5% water agar and incubated at 30°C in dark conditions for
48 h and kept in a growing chamber with a 16/8 h light/dark
photoperiod, temperature 25/20°C and relative humidity (RH)
70%/50%), for 48 h. Four day-old seedlings were then transferred
to empty tip boxes containing 225 mL of 1/4 Hoagland solution,
with the leaves emerging from the holes of the rack and the
Hoagland solution bathing the roots.

Measurement of Leaf Symptoms

Four day-old seedlings were divided in four groups (four tip
boxes) composed of 7 seedlings each, with three replicates
per group: control, non-bacterized (C); RAMI10-inoculated
(RAM10); Psa-infiltrated (Psa) and both RAMI10-inoculated
and Psa-infiltrated (RAM10 + Psa). In both RAMI10 and
RAM10 + Psa groups, 25 mL of RAMI10 suspension was added
to the Hoagland solution bathing the roots to a final density
of 103 CFU/mL (250 mL final Hoagland volume). Each box
was then sealed in plastic gas exchange bags. Four days after
RAMI10 inoculation, Psa and RAM10 + Psa groups were pressure
infiltrated in the central part of the leaf with 1 mL of Psa culture
using a needless syringe. Leaves of C and RAMI10 groups were
pressure infiltrated with 1 mL of SDW. Five days after infiltration,
leaves were cut, mounted in transparent plastic slides and pictures
were taken. The area of both necrotic and chlorotic symptoms
was quantified from the digitalized images using the image
processing software Fiji/Image] (Image], RRID:SCR_003070).
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For this, the affected area was manually defined using both the
“polygon” selection tool and the “brush” tool to adjust the size
of the selection to the shape of the affected area. The size of
the affected area was expressed as mm? of both necrotic and
chlorotic symptoms.

Construction of DAB-H,0, Calibration
Curve: Step-by-Step Protocol

(1) Prepare several H,O, dilutions < 47 mM from stock
solution at 30% (w/w), that is 9.8 M, with ultra-pure water
or sterile deionized water (SDW).

e Note: H,O, Molar mass
density = 1.11 gmL ™.

34.01468 g mol ™!,

(2) Measure the absorbance of the H,O, dilutions at 240 nm
in a quartz cuvette, after adjusting zero absorbance with the
water used for dilutions.

Calculate the exact H,O, concentration of the different
solutions using Lambert-Beer law, considering the molar
attenuation coefficient or absorptivity (¢) for H,O, at
240 nm equal to 423 M~ ! cm~! and pathlength (1) = 1 cm.

Note: Lambert-Beer law is valid up to an absorbance <2.
Prepare paper filter disks with an area <internal area of
a 2 mL microtube. Place the disk inside de microtube in
horizontal position.

Impregnate all the disk surfaces with adequate volume
of H,O; solution, without overloading, and add the DAB
solution (1 mg/mL). Make this in triplicate for each
[H,0;]. Additionally, place 3 disks with DAB only for later
background subtraction.

Note: It is important to avoid overloading of paper
filter disks, since the precipitated formed by H,O, reaction
with DAB may sediment in the bottom of the microtube,
underestimating [H,O;] and subsequent analysis. We used
filter disks with a diameter of 55 mm, 16.6 wL of H,O,
solution and 150 wL DAB per disk.

Incubate the microtubes at room temperature and in dark
conditions, overnight.

Take out the disks with clean tweezers and mount the disks
in a transparent plastic slide.

Digitalize the disks with a scanner and open the image with
Fiji/Image] software.

(4)

e Apply the color deconvolution plugin in order to unmix
the color vectors of the digitalized disks. From the
resulting panel containing DAB color only, select each
disk (region of interest, ROI) using the “oval” selection
tool and measure the initial average DAB pixel intensity

(i1), expressed as:

o ii= 2
n°px
e where ii is the initial average pixel intensity; > vpx is the

sum of the values of the pixels composing the selected
area; and n°px is the number of pixels composing
the selected area.

Invert the initial average pixel intensity values by using the
formula:

e iinv = 255 —ii

e being iinv the inverted average pixel intensity. Note that,
for 8-bit images, i ranges from 0 (zero = deep brown,
highest expression), to 255 (total white).

(9) Subtract the background DAB intensity to the iinv values,

according to the formula:

e ifinal = iinv — iblank

e where ifinal is the final intensity of the disk and iblank
is the average intensity value of 3 filters drenched with
DAB only.

(10) Construct a calibration curve correlating the ifinal
values with the corresponding H,O; concentration (jLmol
H,0, /cmz). Calibration curves with average values (based
on triplicates) are presented in Figure 2A.

Quantify average pixel intensity also in the complimentary
image and represent in a graph the values of average
pixel intensity with the corresponding H>O; concentration

(Lwmol H,O,, cm?) (Supplementary Figures 1A,B).

11)

Quantification of Relative H,0,
Concentration in Leaves Using
3,3-Diaminobenzidine (DAB)

Ten seedlings from each of the four treatments (C, Psa,
RAMI10 + Psa) were grown to detect H,O; accumulation in the
Ist leaf. Detection of H,O; in leaves was carried out using the
3,3-diaminobenzidine (DAB) staining method already used for
barley and wheat plants (Thordal-Christensen et al., 1997; Wang
et al,, 2007), with slight modifications: 1, 2, 6, 24, and 48 h post-
inoculation (hpi), leaves were cut and the cut ends were immersed
in 1 mL of a solution containing 1 mg/mL DAB dissolved in
HCl-acidified (pH 3.8) SDW. Leaves were incubated in a growing
chamber overnight to allow DAB uptake and reaction with H,O,.
Solutions were kept under dark conditions.

After incubation, leaves were decolorized in boiling (~78°C)
95% ethanol for 20 min and transferred into a solution containing
water and 20% glycerol.

Leaf segments were placed in filter paper to remove the
excess of glycerol solution, mounted in transparent plastic slides,
scanned (Epson XP-235) and the images opened with Fiji/Image]
software. Initial settings of the software were applied to measure
area (mm?) and mean pixel intensity. Global scale of the image
analysis was set as 46.5 pixels = 1 mm. Then, the image was
submitted to the plug-in “color deconvolution” using the built-
in vector HDAB in order to limit to the DAB dye image.
Three different areas (regions of interest, ROIs) were selected
for analysis in the DAB only image: from 0 to 4, from 4 to 8
and from 8 to 12 mm from the Psa infiltration site. Selection
of ROIs was performed using the “rectangle” selection tool.
Once the three areas were selected, the “brush” tool was used
to adjust the size of the rectangle according to the leaf shape.
Then, the area in mm? and the mean intensity of DAB was
calculated. Intensity values ranged from 0 (deep brown) to 255
(total white).

The average DAB intensity was calculated according to the
formula: ippap = 255-i, being ipap = final DAB intensity of the
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FIGURE 1 | (A) Disease symptoms in Psa (center) and RAM10 + Psa plants (right) 24 h post-infiltration of Psa in the center of the 1st leaf; control plant (C) is shown
at left; scale bar = 1 mm. (B) Necrotic and chlorotic areas composing the affected area in Psa and RAM10 + Psa plants (mean + 95% Cl, corrected for multiple
comparisons; asterisk indicates significant differences in necrotic area between Psa and RAM10 + Psa leaves).

Psa RAMI10+Psa Psa RAMI10+Psa

. Necrotic area D Chlorotic area

ROI compared to average intensity of total white of the ROI,
i = the mean DAB intensity of the ROL In order to subtract the
background of the leaf tissue, the average intensity of 20 leaves
pressure-infiltrated with water, incubated in water without DAB,
and then destained (blank leaves) was measured and subtracted to
the ipap value calculated for each RO, according to the formula:
fDAB = IDAB- iblank> being fpap = final DAB intensity and ipj,,x the
average intensity of the blank leaves.

RESULTS

Psa-Triggered Disease Symptoms in
Absence or Presence of RAM10

Infiltration with Psa in wheat leaves caused the development of
dried brown, necrotic lesions surrounded by chlorosis after 24 h
both in Psa and RAM10 + Psa seedlings (Figure 1A). Despite
both diseased leaf areas being similar in size, the proportion of
chlorotic and necrotic symptoms was different between the two
treatments (Figure 1B). Around 75% of the diseased leaf area
in Psa leaves was composed of necrotic tissue, which appeared
in form of a dried brown area, presumably as a result of the
onset a hypersensitive response at the site of pathogen entrance.
This necrotic area often reached the borders of the leaf and
was surrounded by a thin layer of chlorotic symptoms. Average
necrotic area in RAMI10 + Psa leaves was significantly reduced
compared to Psa ones, with 30% of the total diseased leaf area
showing necrosis, and with chlorosis representing most of the
total diseased area.

Regression Model for H,O»

Quantification

A linear regression model to quantify H,O, was applied by
combining the DAB staining method with image processing
using Fiji/Image] software. This was done by relating average
DAB intensity values to a given amount of HO,. A DAB color
gradient was generated by incubating filter disks in separate
microtubes containing DAB + increasing H,O, concentrations.
Disks ranged from light to dark-brown stained disks, relative to
low to high H,O, concentrations (or low to high intensities),
respectively (Figure 2A). Disks were digitalized and subjected to
the color deconvolution plugin, allowing the separation of the
initial RGB image into three 8-bit images, which corresponded
to the three vector colors composing the image, being: (1) the
brown vector, used for subsequent H,O, quantification; (2) the
blue vector, not present in the DAB stained disk and (3) a residual
channel, also referred to as the complimentary vector, containing
the complementary of the other color(s).

Two calibration curves were constructed relating the average
DAB intensity values obtained in the DAB only stained section
with the corresponding H,O, concentration (jumol H,05/cm?)
applied. The first curve ranged from 0 to 104 DAB intensity
values and the second one from 104 to 147 values. Both
curves showed a linear relationship between the two variables
(R? > 0.97; Figure 2A).

Previous authors have stressed the importance of taking into
account the intensity values of the pixels in the complimentary
image, since they may contain shades of DAB, leading to
false positive stain separation (Ruifrok and Johnston, 2001;
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FIGURE 2 | (A) Steps for the generation of H,O,-DAB intensity calibration curve. Disks are put in microtubes, drenched at different H,Oo concentrations and

1 mg/mL DAB solution is added. After incubation, disks are digitalized and average DAB intensity in the deconvoluted image is determined. Finally, average DAB
intensity values are related with those of the several H,O» concentrations (wmol HyOx/cm?). (B) Leaf incubation in 1 mg/ml DAB solution and processing of the initial
leaf RGB image resulting in the deconvoluted 8-bit DAB image. Leaf background average intensity (blank) was subtracted and ROls were selected in leaf for
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Varghese et al., 2014). In order to correct the intensity values
in the DAB only vector, the pixel intensity of the same disks
in the complimentary vector was quantified (Supplementary
Figure 1A), and a curve relating the average green intensity
values versus wmol H,O,/cm? was plotted (Supplementary
Figure 1B). However, contrary to the DAB only vector, the
average intensity values of each disk were not proportional to
the applied H,O, concentration. In fact, several filters with
higher H,O, concentrations were less stained compared to
those drenched with DAB solution only, indicating that average
intensity in the complimentary image did not depend on H,O,
concentration. Because summing these values would decrease the
accuracy of H,O; quantification, average intensity values in the
complimentary image were not considered.

Determination of H,O, Accumulation in

Leaves

In parallel, wheat leaves were incubated in the DAB solution,
digitalized and subjected to the color deconvolution plugin
(Figure 2B). DAB color was visualized, and different ROIs
were selected to measure the average DAB intensity and
determine relative H,O, concentration using the calibration
curve. Accumulation of H,O, was visualized as dark-brown

precipitates resulting from the oxidation of DAB by H, O, present
in the leaf. A more intense staining was observed in the vascular
beams (Figure 3).

Infiltration of Psa induced an active production of H,O, in
the leaf, both upwards and downwards from the site of infection.
Pathogen-infiltrated treatments (Psa and RAM10 + Psa) showed
increased H,0O, accumulation in the whole selected leaf
area (D ROIs, Figure 4) compared to both C and RAMI10
ones. This increase was always more pronounced in Psa
treatment, compared to which RAM10 + Psa plants accumulated
significantly less H,O,. RAM10 treatments showed similar H,O,
accumulation relative to C ones, indicating that root inoculation
of RAM10 did not have a significant H,O, induction effect in
aboveground tissues.

The analysis of each independent ROI (Figure 4) showed that
H,0; is produced at different degrees in the leaf, decreasing its
accumulation at increasing distances from the infiltration point.
After 6 h of Psa inoculation, both challenged treatments reached
maximum H,0, accumulation in ROI1 (1.39 and 1.18 pmol/cm?
H,0; in Psa and RAMI0 + Psa plants, respectively), which
was covered by dried-brown necrotic tissue 24 hpi. Also, in
ROI2 and ROI3, H,O; levels were always higher in Psa plants
compared to RAM10 + Psa ones, showing significant differences
at 24 and 48 hpi.
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C
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FIGURE 3 | Digitalized DAB-treated leaves 3 h post-Psa inoculation and after application of the color deconvolution plugin. These images were used for subsequent
ROI selection, measure of average DAB intensity and HoO» quantification through the calibration curve appropriate to the range of DAB intensity values; scale

bar =1 mm.

Psa RAMI10+Psa

ROI1

In order to assess the RAM10-mediated alleviation effect, the
area under curve (AUC) of H,O, accumulation was calculated
at each time post-infection in the different treatments, and
the evolution of cumulative H,O, fold induction triggered
by Psa was analyzed for the AUC ratios Psa/RAM10 and
(RAM10 + Psa)/RAMI10 (i.e., the H,O, induction effect of
Psa in presence or absence of RAMI10 relative to RAMI10-
only inoculated seedlings; Figure 5, bars), as well as for the
Psa/(RAM10 + Psa) AUC ratio (i.e., the H,O, induction effect
of Psa in absence of RAM10 relative to RAM10 + Psa seedlings;
Figure 5, black lines).

Psa-triggered H,O, induction effect was always reduced
when the pathogen was inoculated in presence of RAMIO.
This RAM10-mediated alleviation of H,O, accumulation was
evident in all timepoints, where Psa plants accumulated
between 1.5 and 2-fold more H,O; relative to RAM10 + Psa
ones along timepoints. In ROI3, while H,O, accumulation
in Psa plants increased at 24 and 48 hpi, it remained
unchanged in RAMI10 + Psa ones, highlighting a statistically
significant alleviation effect of H,O, accumulation in this
region at 24 and 48 hpi (black line, Figure 5). These results

point that PGPR-inoculated plants may be more sensitive
to H,O, signaling, not requiring its massive accumulation
upon a challenge.

DISCUSSION

Detection of H,O, by DAB Staining
Coupled With Imaging Software Analysis

There exist numerous functions accounted to H,O; in response
to pathogens. Despite its crucial role in plant metabolism, there
is little consensus regarding the amount of H,O, dynamics in
plants challenged with pathogens and pre-treated with PGPR.
This is mainly due to both biological variability and technical
inaccuracies during its quantification (Queval et al, 2008).
Various techniques can quantify H,O; contents in plant tissue
extracts, such as those relying on absorbance of oxidized products
with altered spectral characteristics (Junglee et al., 2014) or on
light emission as fluorescence or luminescence (Miller et al.,
2012). Enzymatic assays or the use of metal catalysts of H,O,-
dependent reactions are also widely used, both of which can
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overcome problems of H;O; specificity (Queval et al., 2008;
Nagaraja et al., 2009). However, some of the challenges that these
techniques face include (1) complex interactions between metals
or enzymes that may occur during the extraction rather than in
the intact tissue, (2) H,O, dilution effects at increasing amount
of leaf tissue extracted, which may often mask the real H,O,

response (Queval et al., 2008), (3) manipulation effects during
sample preparation.

Image analysis for in situ quantification of DAB staining has
the advantage over biochemical assays that it is non-destructive
and minimizes the manipulation of plant material. Furthermore,
DAB staining method relies on the activity of peroxidases present
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in the leaf, not requiring addition of external peroxidases, which
may be another factor affecting ideal in vivo conditions. In this
work, we presented an optimized in situ detection method using
DAB staining coupled to image processing to both detect and
quantify H,O, in leaves.

DAB stained leaves can be digitalized, opened in Fiji/Image]
and subjected to the color deconvolution plugin, an algorithm
developed by Ruifrok and Johnston (2001), which unmixes the
color information of the digitalized leaf. The color deconvolution
plugin has been previously used for human tissue microscopy
analysis (Lessey and Savaris, 2013; Varghese et al., 2014). In
this work, this method was adapted for young wheat leaves and
used to detect the spatial distribution of the DAB intensity at
increasing distances from the infection site. As a result, an image
with DAB only staining is generated, and the average intensity
of its pixels can be quantified after the selection of specific
ROIs. Having DAB stained leaves digitalized, other ROIs can be
defined anytime.

In previous studies using DAB staining, leaf H,O, content
was estimated as the percentage of dark brown DAB pixels
relative to the pixels composing the leaf area. In order to express
H,0, content in concentration units, these studies relied on
parallel spectrophotometric assays for H,O, quantification (Luna
et al,, 2011; Liu et al., 2014; Wu et al., 2019). However, these
analyses require the involvement of different plant samples for
both the DAB staining and the spectrophotometry, since the
DAB signal could not directly correlate with specific H,O,
concentration units. In the present study, the application of
a linear model combining average pixel intensity values with
known H,O; concentrations allowed to quantify relative H,O;
concentrations in the leaf according to its DAB staining intensity
values. The generation of this curve avoided the manual
setting of a maximum and minimum threshold intensities
in the images, which can itself be subjective, leading to
misinterpretations in tissue sample scoring (Varghese et al,

2014). It was neither necessary to linearize the intensity values
to OD values, as indicated by previous articles (Ruifrok and
Johnston, 2001; Varghese et al., 2014), since the values of
DAB intensity were linearly related with the concentrations
of H,O, and can therefore be used for extrapolating H,O,
concentration from DAB intensity values. Furthermore, the
H,0, dilution effects were minimized by selecting small
(8 mm) ROIs in intact (stressed or non-stressed) leaves
after image processing. Manipulation of the plant material
was almost inexistent, since the only stress applied to the
plant was an initial cut at the base of the cotyledon,
immediately prior to DAB incubation. Considering this, specific
ROIs were selected excluding both the basal part of the
leaf and its apex, which, in few cases, started to senesce
(data not shown).

Application of the New Method for

Studying Biotic Interactions

Leaves infiltrated with Psa accumulated H;O, both locally
and at further distances from the infection point, where
dark brown DAB precipitates were found to be more intense
in the vascular beams. Tissue-specific localization of H,O,
associated with vascular tissues has been previously observed
(Slesak et al., 2007) and is in agreement with previous studies
which suggest that vascular bundles can synthesize these ROS
signals during stress for rapid autopropagation and induction
of systemic stress immunity (Libik-Konieczny et al, 2015;
Gaupels et al., 2017).

The method proposed in this study was applicable to analyze
and compare the differential H,O, induction effect of Psa in the
presence or absence of the PGPR RAM10. H,0; accumulated
at higher levels in the site of pathogen entrance (ROI1),
which became necrotic 24 hpi. These observations suggest that
induction of hypersensitive cell death by Psa in the site of
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infection is temporally preceded by H,O, accumulation in the
site of pathogen entry, while H,O, accumulation, but not cell
death, was induced in the tissue adjacent to the infiltration
point. Since ROS participate in cell-to cell signal transduction
to systemic tissues, this ROS accumulation in distant parts from
the pathogen entry could be a source of signals for establishment
of further defenses to prepare (or “prime”) plants for future
challenges (Noctor et al., 2018).

Interestingly, RAM10-treated plants showed consistently less
H,0, accumulation, where the most remarkable alleviation
effect was observed 24 and 48 hpi in the most distal
area (ROI3), which maintained a low, initial Psa-induced
H,0; accumulation overtime. These observations suggest that
necrosis and H,O; signal propagation occurs in both Psa
and RAM10 + Psa plants, but RAMI0-inoculated plants
can alleviate the degree of H,O, accumulation upon Psa
challenge and maintain the basal levels of stress initially
triggered by Psa in more distal parts of the leaf, without
undergoing a further H>O, accumulation. This reduction
in ROS levels in challenged plants pre-inoculated with a
beneficial microorganism, including bacteria and fungi, has been
previously observed. For example, endophytic bacteria-primed
Abelmoschus esculentus plants expressed lower level of H,O,
accumulation upon Sclerotium rolfsii challenge, compared to
unprimed plants, probably due to the enhanced expression
of antioxidant enzymes (Ray et al., 2016). In tobacco leaves,
Bacillus atrophaeus HAB-5 inhibited ROS accumulation in
leaves during TMV infection, which was related with enhanced
resistance against the virus and inhibition of cell death
(Rajaofera et al., 2020). Besides, the fungus T. harzianum-
mediated biocontrol may be related to alleviating Rhizoctonia
solani-induced oxidative stress by reducing the levels of
hydroxyl radical, O, and H;O, after pathogen challenge
(Singh and Singh, 2011). Furthermore, the pre-treatment of
alfalfa plants with lipopolysaccharides from Sinorhizobium
meliloti suppressed the yeast elicitor-induced oxidative burst
reaction (Albus et al, 2001). One hypothesis to explain this
alleviation effect is that RAMI10 inoculation may induce weak
and transient defense-associated changes in ROS signaling
upon contact with roots and this signal may be transmitted
to aboveground parts of the plant. Contact with RAMI10
could pre-activate H,O, signaling in aboveground tissues,
avoiding its massive accumulation upon pathogen challenge
and increasing plant sensitivity to H,O, signaling. Contrarily,
without being alerted by a previous contact with RAMIO,
pathogen infiltration in Psa plants would lead to a massive,
uncontrolled accumulation of H;O,, resulting in cellular
damage and increased necrotic area (Van Breusegem and
Dat, 2006). In relation to this, RAM10 could prime plants
to increase antioxidant enzyme activity/production upon a
future infection.
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Chinese Academy of Agricultural Sciences, Shenzhen, China, 2 Key Laboratory of Protein Function and Regulation in
Agricultural Organisms of Guangdong Province, College of Life Science, South China Agricultural University, Guangzhou,
China

Mikania micrantha is a noxious invasive plant causing enormous economic losses
and ecological damage. Soil microbiome plays an important role in the invasion
process of M. micrantha, while little is known about its rhizosphere microbiome
composition and function. In this study, we identified the distinct rhizosphere microbial
communities of M. micrantha, by comparing them with those of two coexisting
native plants (Polygonum chinense and Paederia scandens) and the bulk soils, using
metagenomics data from field sampling and pot experiment. As a result, the enrichment
of phosphorus-solubilizing bacteria Pseudomonas and Enterobacter was consistent
with the increased soil available phosphorus in M. micrantha rhizosphere. Furthermore,
the pathogens of Fusarium oxysporum and Ralstonia solanacearum and pathogenic
genes of type lll secretion system (T3SS) were observed to be less abundant in
M. micrantha rhizosphere, which might be attributed to the enrichment of biocontrol
bacteria Catenulispora, Pseudomonas, and Candidatus Entotheonella and polyketide
synthase (PKS) genes involved in synthesizing antibiotics and polyketides to inhibit
pathogens. These findings collectively suggested that the enrichment of microbes
involved in nutrient acquisition and pathogen suppression in the rhizosphere of
M. micrantha largely enhances its adaptation and invasion to various environments.

Keywords: Rizosphere bacteria, Mikania micrantha, beneficial microbes, nutrition, pathogen

INTRODUCTION

The rhizosphere is the interface where the complex interactions among soil, microbes, and the host
plant are maintained (Philippot et al., 2013). Plants selectively harbor specific microbes through
root exudates that contain carbohydrates, amino acids, and organic acid ions, which act as carbon
source and nutrients for microbial growth (Reinhold-Hurek et al., 2015). Rhizosphere microbes
play pivotal roles in plant growth, nutrient uptakes, and disease suppression (Bulgarelli et al., 2015;
Edwards et al., 2015).
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Invasive alien species (IAS) could reduce the richness
and abundance of native species in the invaded regions,
or even dramatically change the local ecological system
(Py$ek and Richardson, 2008). Compared with native plants,
invasive plants generally performed higher value of inherent traits
on physiology, leaf-area allocation, shoot allocation, and growth
rate (Van Kleunen et al., 2010) and also exhibit higher abilities to
capture and utilize resources at both above- and below-ground
processes, such as photosynthesis and nutrition uptake (Van Der
Heijden et al., 2008). The soil microbes play important roles in
the establishment of invasive plants and might also act as drivers
of plant invasions (Dawson and Schrama, 2016). Previous studies
showed that invasive plants can recruit different soil microbes to
promote their growth over native plants (Reinhart et al., 2003).
The indigenous soil microbial communities are altered due to
the exotic invading plants (Kourtev et al., 2002). For example,
the Alnus trabeculosa increased the soil bacterial diversity in the
invaded regions (Xueping et al., 2016). Another invasive plant
Centaurea maculosa enhanced its competitive ability through
enriching mycorrhizal fungi that changes soil nutrient availability
(Marler et al.,, 1999). In addition, other studies also showed
that many invasive plants have fewer pathogens in rhizosphere
than native plants do, escaping from pathogenic agents in soil
(Mitchell and Power, 2003). C. maculosa could reduce local soil
pathogens in invaded regions, therefore investing less in unused
defense and more into growth to increase competitiveness against
natives (Callaway et al., 2004). An invasive plant may influence
soil nutrient content through the soil microbial communities
(Piper et al., 2015; Zhao et al,, 2019). For example, the invasive
tree staghorn sumac changed the structure of soil N2-fixing
bacterial communities to enhance soil N availability (Wu et al,,
2019). Solidago gigantea enhances phosphorus (P) turnover rates
in soil (Chapuis-Lardy et al., 2006), and C. maculosa increases
available P in soil (Thorpe et al., 2006). Invasive plants increased
the availability of vital nutrients, thus gaining a competitive
advantage, which might be an important contributor to invasion
success (Castro-Diez et al., 2014).

Mikania micrantha (Asteraceae family), an extremely fast-
growing vine, is one of the top 100 worst IAS in the world
(Lowe et al., 2000), causing severe substantial damages to natural
ecosystems (Day et al., 2016) and economic losses (Macanawai
et al., 2012). Several mechanisms have been proposed to explain
the success of M. micrantha invasion, such as rapid growth
caused by high regeneration capacity of each vine node (Li X.
etal,, 2013) and extraordinary biological characteristics including
high seed production and germination (Hu and But, 1994), the
strong allelopathic effects on other native plant and soil microbes
(Chen et al, 2009), and high nutrient (NPK) turnover rates
in soil (Sun et al., 2019; Liu et al, 2020). Recently, we have
published the genome of M. micrantha, as well as its rhizosphere
metagenome, and also found out that the rhizosphere microbes
of M. micrantha could increase the bioavailable nitrogen content
to speed up the nitrogen cycle (Liu et al., 2020), which might
contribute to its rapid growth as well as invasion. Enhancing
the availability of soil P is also one of the major factors
for the success of plant invasion. In recent studies on P
acquisition of M. micrantha, it was shown that the contents

of soil available P and plant tissues of M. micrantha were
significantly higher than that of native plants. However, very
few studies have explained the component and mechanism of
P-solubilizing bacteria. We hypothesized that the enrichment of
P-solubilizing microorganisms will contribute to the available P
in M. micrantha rhizosphere. Except for the nutrient acquisition
mechanism of plant invasion, the well-known enemy release
mechanism that escapes from its natural enemies in its native
ranges was also confirmed in other invasive plants. Some
invasive plants were not only associated with higher ability of
nutrients uptake but also harbored few known pathogens that
were more abundant in the rhizosphere of native plants or
accumulated pathogens in the soil that are harmful to natives.
The research on the invasion mechanism of M. micrantha
mainly focuses on inherent superiority, allelopathy, and nutrient
acquisition, and there is a paucity of research on the influence
of pathogenic microorganisms in the M. micrantha rhizosphere.
We hypothesized that few known pathogens were harbored in
M. micrantha rhizosphere because of the allelopathy of its leaves
and roots. In this study, using these metagenomic data, we
investigated the phosphorus solubilizing bacteria and pathogens
in the rhizosphere of M. micrantha, to better understand the role
of the rhizosphere microbiome in M. micrantha invasion.

MATERIALS AND METHODS

Experimental Desigh and Sampling

Collection

In order to test the contribution of rhizosphere bacteria to
M. micrantha invasion, we conducted a pot experiment with
M. micrantha and its two neighboring native species, namely,
Polygonum chinense and Paederia scandens. These two plants are
chosen as the control species because based on the investigation
from the field sample, not only are these frequently and stably
present in the invasive community of M. micrantha, but also the
reproduction strategies of these two plants are very similar to
those of M. micrantha (Sun et al., 2019). The seeds of three plants
were germinated and grew to about 10 cm for transplanting.
Seedlings of three plants, respectively, planted in the pot (20 cm
diameter) filled with natural field soil were collected from the
non-invasive area near the invader M. micrantha monoculture,
which is located in the dry riverbed of Liuxi River, Guangzhou
City, Guangdong Province, China. Four treatments (three plants
plus a blank control) were replicated six times (two plants per pot
with 7 kg fresh soil) and put in a greenhouse.

Three months later, we randomly selected five replicates of
each treatment and the rhizosphere soil of three plants and
control soil were collected. Plants were removed carefully and
shaken lightly; then, the soil remaining attached to the root
surface was collected with sterile water. The separated soil
solution was centrifuged at 8000 r/min for 10 min to collect soil
samples. The collected soils were stored at —80°C until use for
microbial community analysis. M. micrantha is an ecologically
harmful weed in the natural environment. We chose the natural
field of M. micrantha monoculture with the dominant two
coexisting native plants (P. chinense and P. scandens) in the dry
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riverbed of Liuxi River in Guangzhou City. We separated five
(5 m by 5 m) sampling plots by more than 200 m and used the
same method of pot experiment to collect 15 rhizosphere samples
of three plants and five control samples, which is in the uninvaded
area near M. micrantha monoculture by more than 500 m, for a
total of 20 samples.

DNA Extraction and Sequencing

A combination of bacteria cell lysis steps was applied before DNA
extraction. The soil microbial cells were subjected to six freeze-
thaw cycles (alternating vortex for 5 min, then liquid nitrogen
for 5 min, and incubation at 65°C for 5 min). Next, DNA was
extracted from all samples using the PowerSoil DNA isolation
kit following the manufacturer’s protocol (MO BIO Laboratories,
QIAGEN Inc., United States). The DNA quality and quantity
were checked by the Nanodrop and Qubit device, and the DNA
quantity of each sample was at least 1 pug. Then, DNA fragments
(200-400 bp) were processed by ultrasonic instrument (Thermo
Fisher Scientific, Covaris S220). The library was constructed
using TruSeq DNA PCR-Free Library Prep Kit as per standard
protocol (Illumina, United States) and then sequencing was
performed on Illumina HiSeq 2500 with each sample having
about 10 Gb sequencing data.

Metagenomic Analyses

The raw reads were cleaned by removing adaptor sequences,
low-quality sequences, host sequences, and unpaired reads
by in-house software clean_adapter, clean_lowqual, and
filter_unpaired_reads.pl', resulting in a clean and high-quality
reads data with average error rate < 0.001. Then, the clean reads
from each sample and pooled for four groups (M. micrantha,
P. chinense, P. scandens, and control) were assembled by Megahit
(v1.1.3). After filtering the contig length less than 500 bp, gene
prediction was performed using MetaProdigal (v2.6.3), and then
we filtered out the gene models with cds length less than 102 bp.
The protein models of each sample and each group were also
performed using MetaProdigal (v2.6.3). The non-redundant
gene catalog was obtained using the genes predicted from each
sample and each group by cd-hit-est (v4.6.6) with the criteria
of identity > 95%, and overlap > 90% (parameter “—c 0.95 —n
10 —G 0 —a$ 0.97). The non-redundant protein catalog was
obtained from the combination of protein files of each sample
and each group by in-house software fishInWinter.pl*.

To generate the taxonomic information, the non-redundant
protein sequences were aligned against the NCBI-NR database
using DIAMOND (v0.8.28.90) software with the parameter
“blastp -evalue 10 -max-target-seqs 250” (Buchfink et al,
2015). CARMAS3 software (parameter “carma -classify-blast
-type p -database p”) was used to assign the taxonomic
annotation of the unigenes (Gerlach and Stoye, 2011). Thus,
we obtained the non-redundant genes and their corresponding
species classification. To obtain functional information for the
gene set, the non-redundant protein sequences were searched
(E value < le-5) against the KEGG protein database (release

'https://github.com/fanagislab/DBG_assembly/tree/master/clean_illumina
Zhttps://github.com/fanagislab/bioinfo_versatiles/blob/master/fishinWinter.pl

79) using DIAMOND software (Kanehisa et al, 2004). To
calculate the relative gene abundance, the clean reads from each
sample were aligned against the non-redundant gene catalog by
BWA-MEM (alignment length > 50 bp and identity > 95%)
(Li and Durbin, 2009). The alignments were parsed to produce
the reads count abundance (Huang et al., 2018). Based on the
taxonomic assignments using CARMA3, the relative abundance
of each phylum, genus, species, and KO was calculated by
summing the abundances of corresponding genes belonging
to each category per sample. Similarly, the relative abundance
profile of genes was also summarized into KEGG functional
profiles for the functional analysis.

Functional Bacteria and Genes

Collection

The bacteria and genes involved in soil microbial P-solubilizing
and mineralization, pathogen, and defense were searched based
on previous publications and are shown in Supplementary
Tables S1-S6 (Weller et al., 2002; Garbeva et al., 2004; Beth
Mudgett, 2005; Raaijmakers and Mazzola, 2012; Sharma et al,,
2013; Raj et al, 2014; Alori et al, 2017; Han et al, 2018;
Dai et al., 2019). The names, KOs, and functions of the
genes associated with P solubilizing and mineralization, type
III secretion/effector systems, and polyketide synthase (PKS) are
shown in Supplementary Tables S2, S4, S6, respectively.

Microbial Composition Analysis

At the gene level, Shannon index was used to analyze microbial
alpha diversity using the non-redundant genes of individual
samples. The overall differences in the bacterial community
structures were calculated by non-metric multidimensional
scaling (NMDS) using non-redundant genes of individual
samples based on Bray-Curtis dissimilarity values and
implemented in in R package “Phyloseq.”

Statistical Analysis

Based on the relative abundance profiles at the phyla or genera
level, the significantly differential abundances in the control soil
and rhizospheres of M. micrantha, P. chinense, and P. scandens
were determined using Kruskal-Wallis test with Dunn’s multiple
comparison (BH methods for multiple tests adjustment). The
relative abundance of microbial species and functional genes
involved in P solubilization, pathogens, and defense in the control
soil and rhizospheres of three plants is compared using Kruskal-
Wallis test with Dunn’s multiple comparison (BH methods for
multiple tests adjustment).

RESULTS

Microbial Structure of the Rhizosphere

Microbiome

Using the metagenomic data and non-redundant gene set of
M. micrantha genome project, deposited in NCBI (SRR8936416-
SRR8936475) and AGIS ftp-site’, we investigated the microbial

3 ftp://ftp.agis.org.cn/Mikania_micrantha/
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structure of the rhizosphere of M. micrantha and two native
plants (P. chinense and P. scandens). The microbial alpha
diversity (Shannon index) at the gene level showed no significant
difference between the control soil (bulk soil) and rhizospheres
(P > 0.05) (Figure 1A). However, at the gene level, the
NMDS analysis revealed the distinct microbial community
differences among the rhizospheres of M. micrantha, two
native plants, and control soil at both pot experiment and
invaded site (Figure 1B). Moreover, the NMDS plots showed
that there was a clear separation between the pot experiment
and field invaded site, indicating that rhizosphere microbial
community was largely influenced by environmental conditions
(Figure 1C). The dominant prokaryotic phyla found in the
control and rhizosphere community included Proteobacteria,
Actinobacteria, Acidobacteria, Planctomycetes, and Chloroflexi
(Figure 1D), which was consistent with previous studies
(Lu-Irving et al., 2019). The community differences between the

control soil and rhizospheres of M. micrantha and native plants
were also explored. Proteobacteria and Actinobacteria occupied
higher percentages than in the control soil, whereas Acidobacteria
has lower percentages (P < 0.05, Dunn test) in the rhizospheres
(Figure 1D). This suggests that some bacteria from bulk soil are
selected to inhabit in the rhizospheres.

Distinctive Enrichment of Plant Microbes

The microbial compositions of the rhizosphere of M. micrantha
and the two native plants were analyzed at the genus level, at
both pot experiment and invaded site. From the metagenomic
data, genes could be classified to the genus level by CARMA3
software. The relative abundance of genus in each sample
was calculated according to reads count at the genus level.
In total, the top 69 genera (relative abundance > 0.01%)
accounted for 94.8% of the total relative abundance of classified
genera, and 45 of them were enriched (P < 0.05, Dunn test) in
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FIGURE 1 | Microbial structure in the rhizosphere of Mikania micrantha (M. micrantha), Polygonum chinense (P, chinense), and Paederia scandens (P scandens),
and control (bulk) soil. (A) Comparison of the microbial diversity at the gene level. (B) The non-metric multidimensional scaling (NMDS) plot of microbial communities
at both pot experiment and invaded site. The analysis was based on Bray—Curtis dissimilarities at the gene level. (C) The NMDS plot of microbial communities in all
samples, based on Bray—Curtis dissimilarities at the gene level. (D) Relative abundances at the phylum level.
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rhizospheres compared to the bulk soil, most of which belong
to Proteobacteria and Actinobacteria (Figure 2). Moreover, 30
genera were all enriched in rhizospheres of three plants, including
Bradyrhizobium, Mesorhizobium, Rhizobium, Burkholderia,
Paraburkholderia, Methylobacterium, Novosphingobium,
Pseudomonas,  Enterobacter, Bacillus, Nocardioides, and
Streptomyces, many species of which were known as plant
beneficial microbes that can facilitate nutrition acquisition,
improve resistance to abiotic stress, and control phytopathogens
(Figure 2) (Ahemad and Kibret, 2014; Cordovez et al., 2018;
Vives-Peris et al., 2018). The enrichment of these plant microbes
might facilitate plant assembling beneficial endosphere bacteria
from the rhizosphere soil.

Previous studies have shown that the plant species and
varieties could influence the composition of their rhizosphere
(Philippot et al., 2013; Zhang et al, 2019). In our study, the
microbe enrichment in rhizospheres of M. micrantha and
native plants was also distinctive. Enterobacter, Pseudomonas,
Cupriavidus, and  Phenylobacterium relatively —occupied
higher percentages in M. micrantha rhizosphere compared
to P. chinense and P. scandens rhizospheres (Figure 2). Many
species belonging to Enterobacter and Pseudomonas (Meena
et al., 2017; Zheng et al., 2019) are well known plant-beneficial
microbes, and Cupriavidus and Phenylobacterium species
were reported to participate in the mineralization of soil
organic P and degrade organic material (De La Cruz-Barron
et al, 2017). In comparison, P. chinense rhizosphere was
enriched with Variovorax, Bosea, and Acinetobacter, and some
species of which could inhibit pathogens and supply N for
plant growth (Rillingetal.,2018; Bruisson etal,2019), and

P. scandens rhizosphere was enriched with Anaeromyxobacter,
Frankia, Streptacidiphilus, and Amycolatopsis (Figure 2), with
nitrogen-fixing (Chaia et al., 2010) and antimicrobial activity
(Buszewski et al., 2018). In summary, although many bacteria
are shared among three plant species, each plant still recruits
distinctive microbes in rhizosphere, possibly due to their
different root exudates.

Enrichment of Pseudomonas and
Enterobacter to Enhanced Phosphorus
Solubilization

Phosphorus (P), is an essential element for plant growth and
development (Sharma et al., 2013), playing important roles in
many metabolic processes of plant, including photosynthesis,
signal transduction, energy transfer, respiration, macromolecular
biosynthesis (Khan et al., 2010), and nitrogen fixation (Kouas
et al., 2005). Microorganisms are major members of the soil P
cycle, improving available P to plants (Khan et al., 2009). We have
previously reported that the available P content in M. micrantha
rhizosphere was significantly higher than that in the rhizosphere
of two native plants (Liu et al., 2020).

Phosphorus solubilizing microorganisms (PSMs), such as
Pseudomonas, Bacillus, Enterobacter, and Burkholderia (Babalola
and Glick, 2012), can increase soil available P via solubilization
and mineralization of unavailable P in organic matter and
minerals. These PSMs were enriched in the rhizospheres of
M. micrantha, P. chinense, and P. scandens (Figure 3A); however,
the relative abundance of PSMs is different. Enterobacter was
most highly enriched in M. micrantha rhizosphere, with its
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FIGURE 2 | Comparison of average relative abundance at the genus level in rhizospheres of M. micrantha and two native plants. The relative abundance of each
genus was colored according to the row z score ((value - row mean)/row standard deviation). The comparisons of microbes in plant rhizospheres and control soil
were compared by the Kruskal-Wallis test with Dunn’s multiple comparison test (*P < 0.05 and **P < 0.01).
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box indicate the interquartile range (IQR), and the whiskers represent the maximum and minimum data points. (C) The relative abundance of genes coding for P
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subunit was calculated as the total abundances of gene phnF, phnG, phnH, phnl, phnd, phnK, phnL, phnM, phnN, phnO, and phnP. Error bars indicate average
value + SEM of indicated replicates. The pairwise comparisons of rhizosphere in each plant and control soil were used by the Kruskal-Wallis test with Dunn’s
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average relative abundance 7-fold and 100-fold higher than
that in P. chinense and P. scandens rhizosphere, respectively
(Figure 3A). Similarly, the average relative abundance of
Pseudomonas was also 1.5-fold and 13-fold higher than those in
P. chinense and P. scandens rhizosphere, respectively (Figure 3A).
In the invaded field site, the plant-growth promotion bacteria
Pseudomonas putida (Mozejko-Ciesielska and Serafim, 2019) and
Enterobacter asburiae (Teng et al., 2019) were more abundant
in M. micrantha rhizosphere (Figure 3B). On the other hand,
Bacillus and Burkholderia were more enriched in rhizosphere

of P. chinense and P. scandens (1.2- and 2.5-fold that in
M. micrantha rhizosphere), which might also contribute to the
solubilization of soil unavailable phosphorus. Taken together, the
recruitment of these PSM would help to increase the available P
content in M. micrantha rhizosphere.

Next, the genes generally contained in PSM were analyzed,
including those coding for P mineralizing and solubilizing
enzymes (Dai et al, 2019). The genes coding for organic P
mineralization, such as C-P lyase, phosphonoacetate hydrolase,
and phytase, as well as the genes coding for inorganic
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pyrophosphatase responsible for the inorganic P solubilization,
were all enriched in rhizosphere of M. micrantha and two
native plants (P < 0.05) (Figure 3C). The genes involved in
alkaline phosphatase phoD were more abundant in rhizosphere
of M. micrantha (P = 0.045) and P. chinense (P = 0.07), whereas
phoA showed no significant difference (P > 0.05) (Figure 3C).
The relative abundance of other genes showed no significant
difference (P > 0.05) (Figure 3C). These results indicated that
the rhizosphere microbes in M. micrantha and P. chinense may
contribute to available P through the similar P mineralization
mechanism in terms of alkaline phosphatase.

Fewer Pathogens in M. micrantha
Rhizosphere Microbiota

The plant-associated microbiome, as the second genome of
the plant, has great influence on plant growth and health

(Berendsen et al., 2012). To suppress the pathogen attack,
plants could be able to recruit protective microorganisms in the
rhizosphere, as the complement of the plant innate immune
system (Mendes et al., 2014).

The aggressive soil-borne pathogens were analyzed
(Supplementary Table S3). Although many pathogens could
not be detected in our data, we found that the pathogens
of Fusarium oxysporum (Srinivas et al., 2019) and Ralstonia
solanacearum (Genin and Denny, 2012) were enriched in
P. chinense (sevenfold and twofold) and P. scandens (sixfold and
fourfold) rhizosphere compared to M. micrantha rhizosphere
(Figure 4A). Besides, the genes involved in the host-pathogen
interactions (Supplementary Table S4) [type III secretion
system (T3SS)] were more abundant in the rhizosphere of
P. scandens (P = 0.04) than in M. micrantha rhizosphere
(Figure 4B). Plants could inhibit pathogen attack by secreting
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antimicrobials or recruiting the biocontrol microbes that have
the relevant antimicrobial gene cluster (Berendsen et al., 2012).
The biocontrol microbes (Supplementary Table S5), such as
Pseudomonas, Catenulispora, and Candidatus Entotheonella,
were more abundant in rhizosphere of M. micrantha than
that in two native plants (Figures 3A, 4C). It is known
that some species belonging to Catenulispora, Pseudomonas,
and Candidatus Entotheonella could suppress pathogen
by producing antibiotics and polyketides (Zettler et al,
2014; Kurnia et al, 2017). In our results, type II PKS
genes (Supplementary Table S6) that were involved in
synthesizing aromatic polyketides that could control plant
disease (Han et al., 2018) were also enriched in M. micrantha
rhizosphere (P = 0.002) (Figure 4D), whereas type III PKS
genes were not different among three plants. These results
indicated that the biocontrol bacteria might contribute to
the less pathogens by antimicrobial aromatic polyketides in
M. micrantha rhizosphere.

DISCUSSION

The success of plant invasion depends on enemy release,
enhanced nutrient acquisition, and adaptations to the physical
environment (Dawkins and Esiobu, 2016). Recently, increased
attention has been paid to the interactions between soil
microbes and plant invasions (Dawkins and Esiobu, 2018).
In this study, we investigated the role of soil microbes in
plant invasions by comparing the taxonomic and functional
difference of rhizosphere community between the invasive plant
M. micrantha and two native plants (P. chinense and P. scandens)
atinvaded field site and pot experiment. Since the pot experiment
lasted only 3 months, and each plant grew independently
without competition, obvious microbial differences between
pot experiment and invaded site were observed (Figure 1C).
However, many plant-associated microbes were enriched in
rhizospheres both in the pot experiment and the invaded site,
and these genera were generally higher in the invaded field
than those in the pot experiment, indicating their important
roles in the natural environment. The interactions between an
invasive plant and associated soil communities changed across
the invaded range (Nunes et al., 2019). In our study, we found
that there is a difference of M. micrantha rhizosphere between
the pot experiment and the field site. As a plant killer, more
field samples of the rhizosphere microbes of M. micrantha
across latitudinal gradients in its invaded range should be
analyzed to understand the interactions between its performance
and soil microbes. This could provide an important basis
for controlling its spread. By comparing the microbes in the
rhizospheres and in the control soil, we found that the relative
abundance of Proteobacteria and Actinobacteria was higher in
the rhizosphere than in the control soil, whereas Acidobacteria
was more abundant in control soil (Figure 1C). The distinct
enrichment may be attributed to the abundant nutrients in
rhizosphere, which promote the copiotrophic microorganisms
(Lingetal, 2017) and the inhibited growth of oligotrophic
microorganisms (Fierer et al., 2007).

The competition of invasive species with native species
depends largely on the abilities of accession in resources
(Seabloom et al., 2003). P is an essential macronutrient for
plant growth and development (Lidbury et al., 2016), and
microorganisms play an important role in soil P cycling and
in regulating P availability (Dai et al., 2019). In this study, we
found that Enterobacter and Pseudomonas might contribute to
the increased soil available P content, and helped M. micrantha to
outcompete native species and ultimately facilitate plant invasion
(Figure 3A). Although the gene of gcd was not significantly
different when the field and potted samples were analyzed
together (Figure 3C), it was found significantly enriched in
rhizosphere of M. micrantha (P = 0.0008) and P. chinense
(P = 0.02) (Supplementary Figure S1) in the invaded site.
The relative abundance of the gcd gene in M. micrantha
rhizosphere was 1.2-fold of that in P. chinense rhizosphere
and 1.5-fold of that in P. scandens rhizosphere in the field.
Besides, even genes coding for alkaline phosphatase were at a
similar level in the rhizosphere of M. micrantha and P. chinense,
and the highly elongated, deep, and extensive root system of
M. micrantha may still promote the efficient uptake of the
released available P in soil.

Invasive plants may benefit from introduction to new regions
where they can escape pathogens on the native ranges (Lu-
Irving et al, 2017). Recently, Ramirez et al. (2019) found
that the range-expanding plants harbored fewer pathogens
compared to native species in the new range, through the
analysis of the microbiome of European continental range-
expanding plant species along a latitudinal gradient. This
result was consistent with our study, which revealed that
the pathogens and pathogenic genes, including the soil-borne
pathogen F. oxysporum and R. solanacearum, as well as T3SS,
were depleted in M. micrantha rhizosphere compared to the
native plants (Figures 4A,B). Correspondingly, many biocontrol
bacteria such as Catenulispora, Pseudomonas, and Candidatus
Entotheonella, which release antibiotics and polyketides to
inhibit pathogens (Kurnia et al, 2017; Mori et al, 2018),
were enriched in M. micrantha rhizosphere. In addition,
Mikania sesquiterpene lactones (STLs) have allelopathic effects
on native plants and antibacterial activities (Li Y. et al,
2013), which may also contribute to the fewer pathogens in
M. micrantha rhizosphere. In summary, the fewer pathogens and
more protective microorganisms that inhabit the M. micrantha
rhizosphere potentially benefit root growth and nutrient uptake,
thus possibly enabling the successful invasion. However, there
is a lack of difference in the soil microbes in M. micrantha
between the origin and invaded one. Evidences for the resource
availability and pathogen release in soil of invasive plants
would require combined tests in the native and invaded ranges.
Hence, in order to comprehensively understand the role of
soil microorganisms in M. micrantha invasion, the metagenome
of M. micrantha rhizosphere in the native range and the
differences to their introduced range would need to be studied
in the future. Although we showed the differences of microbial
community and functional genes among the rhizosphere of
three plants, the observed changes would require further
experimental study.
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CONCLUSION

Mikania micrantha rhizosphere has a distinct bacteria
community structure that is clearly separated from the native
plants and the bulk soil. Although some common microbes
are observed in the rhizosphere of both M. micrantha and two
native plants, M. micrantha rhizosphere specifically recruited
Cupriavidus, Enterobacter, Pseudomonas, and Phenylobacterium,
which played important roles in resource acquisition, plant
hormone regulation, and pathogen suppression. On the other
hand, the rhizosphere of native plants P. chinense and P. scandens
recruited some other distinctive plant microbes. According
to our analysis, the previously found higher soil available P
content in M. micrantha rhizosphere was possibly contributed
by the enrichment of P-solubilizing bacteria Enterobacter and
Pseudomonas. Moreover, pathogens including F. oxysporum
and R. solanacearum and pathogenic genes of T3SS were
less abundant in M. micrantha rhizosphere compared to the
two native plants. In contrast, the biocontrol bacteria such as
Catenulispora, Pseudomonas, and Candidatus Entotheonella, as
well as the PKS genes were enriched in M. micrantha rhizosphere
to develop antibacterial activities. Taken together, these findings
deepen our understanding of the microbial composition and
function in M. micrantha rhizosphere, as well as the two
native plants, and thus provide useful information that would
help develop efficient technologies to control the invasion
of M. micrantha.
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Pine wilt disease (PWD) caused by the pine wood nematode (PWN) Bursaphelenchus
xylophilus is one of the devastating diseases affecting pine forests worldwide. Although
effective control measurements are still missing, induction of resistance could represent a
possible eco-friendly alternative. In this study, induced resistance-based in vitro and in
vivo screening tests were carried out for selection of bacteria with the ability to suppress
PWD. Out of 504 isolated bacteria, Bacillus thuringiensis JCK-1233 was selected for its
ability to boost pathogenesis-related 1 (PR7) gene expression, a marker of systemic
acquired resistance. Moreover, treatment of pine seedlings with B. thuringiensis JCK-
12833 resulted in increased expression of other defense-related genes, and significantly
inhibited PWD development under greenhouse conditions. However, B. thuringiensis
JCK-1283 showed no direct nematicidal activity against B. xylophilus. To identify the
effective compound responsible for the induction of resistance in B. thuringiensis JCK-
1233, several diketopiperazines (DPKs) including cyclo-(D-Pro-L-Val), cyclo-(L-Pro-L-lle),
cyclo-(L-Pro-L-Phe), and cyclo-(L-Leu-L-Val) were isolated and tested. Foliar treatment of
pine seedlings with Cyclo-(L-Pro-L-lle) resulted in suppression of PWD severity and
increased the expression of defense-related genes similarly to B. thuringiensis JCK-1233
treatment. Interestingly, treatment with B. thuringiensis JCK-1233 or cyclo-(L-Pro-L-lle)
showed moderately enhanced expression of PR-1, PR-2, PR-3, PR-4, PR-5, and PR-9
genes following inoculation with PWN compared to that in the untreated control, indicating
that they mitigated the burst of hypersensitive reaction in susceptible pine seedlings. In
contrast, they significantly increased the expression levels of PR-6 and PR-10 before
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PWN inoculation. In conclusion, foliar spraying with either B. thuringiensis JCK-1233 culture
suspension or DPKs could induce resistance in pine seedlings, thereby alleviating the serious
damage by PWD. Taken together, this study supports aerial spraying with eco-friendly biotic
or abiotic agents as a valuable strategy that may mark an epoch for the control of PWD in

pine forests.

Keywords: pine wood nematodes, diketopiperazine, resistance-inducing bacteria, foliar application, moderate
hypersensitive reaction, cyclo-(L-Pro-L-lle), Bacillus thuringiensis

INTRODUCTION

Pine wilt disease (PWD) caused by the pine wood nematode
(PWN) Bursaphelenchus xylophilus is one of the most destructive
diseases damaging pine forests. The transmission of PWN occurs
via pine sawyer beetles (Monochamus spp.), which are attracted to
pine trees for feeding or oviposition (Mamiya and Enda, 1972).
Since the first incidence of PWD was reported in 1905 in Nagasaki,
Japan (Yano, 1913), PWD has spread quickly throughout East
Asia, Europe, and even North America, threatening pine forests
worldwide (Yi et al., 1989; Mota et al., 1999).

Despite the advances in the study of PWD, effective control
measures have not yet been developed. As the habitat of pine
trees is very wide areas and, in many cases, poorly accessible,
such as cliffs and steep mountains, operations by manual labor
are impractical. In addition, most pine trees infected by PWN are
killed rapidly, as PWN is an endoparasite that is very difficult to
control. Consequentially, PWD has caused enormous economic
losses with environmental impacts worldwide and thus, is
considered a serious threat to be dealt with (Toth, 2011).

Current PWD control methods depend mainly on the removal
of infection sources or other preventative measures, such as
fumigation, burning, clear-cutting, breeding, aerial insecticide
spraying, and trunk injection (Takai et al, 2003; Kwon et al,
2005; Nose and Shiraishi, 2008; Bonifacio et al., 2014). However,
traditional chemical control using chemical compounds, including
methyl bromide and phosphine, is known to cause severe
environmental problems because of the high toxicity and
potential to induce resistance among parasitic nematodes (Bell,
2000). Recently, with the growing public interest in eco-friendly
control methods, biological control agents of plant-parasitic
nematodes have received greater attention as an environmentally
safe alternative for plant protection. Specifically, agricultural
application of plant-associated bacteria, originated from
phyllosphere or rhizosphere, exhibited the ability to reduce the
incidence or severity of soil-borne diseases (Vallad and Goodman,
2004). Induced resistance is among the reported biocontrol
mechanisms for management of diseases that do not exert a
direct selective pressure on the pathogen population. Specifically,
systemic acquired resistance (SAR) is activated throughout higher
plants after being exposed to elicitors from virulent, avirulent, or
nonpathogenic microbes, or chemical stimuli such as salicylic acid
(SA), which then confers long-lasting protection against a broad
spectrum of phytopathogenic microorganisms (Vallad and
Goodman, 2004).

Studies on plant immunity have indicated that endophytic
bacteria increase plant resistance to pathogens through signaling
crosstalk in various plants. However, few studies have addressed
the use of bacteria-mediated induction of resistance for PWD
management. Previously, inoculation with avirulent B. xylophilus
was shown to induce resistance against PWD in pine trees,
suggesting that the mechanism of induced resistance in pine
trees has the potential for biological control against PWD
(Kosaka et al., 2001). Interestingly, foliar sprays of SAR inducers
in pineapple reduced the reproduction of plant-parasitic
nematodes such as Meloidogyne javanica and Rotylenchulus
reniformis, which damage the pineapple root system (Rohrbach
and Apt, 1986; Chinnasri et al., 2006). Some rhizobacteria also
elicit systemic resistance that may be dependent on SA (Kloepper
and Ryu, 2006). It was reported that even though susceptible pine
trees are infected with virulent PWNs by vector beetles feeding, the
ability of pine trees to activate defensive responses to the infection
may reduce the nematode migration and proliferation rates within
the plant tissues to some extent (Kuroda, 2008). Therefore, we
predicted that the induction of resistance by foliar application with
biological agents, such as endophytic bacteria, could suppress the
dispersal of PWN and limit the serious damage caused by PWD.

The induced resistance in plants is divided into systemic
acquired resistance (SAR) and induced systemic resistance (ISR)
(Van Loon et al., 1998). Although SAR is induced by a prior
pathogen infection at a local tissue, it can protect the rest of the
plant from a second infection. ISR is elicited by plant growth-
promoting rhizobacteria (PGPR) and confers protection of
plants to a broad spectrum of attackers. SAR is associated with
the SA signaling pathway, whereas ISR is mediated by the JA and
ET signaling pathways. Although it has been known that SAR
and ISR are clearly different, recent studies have been reported
that they are interconnected by crosstalk of SA, ET, and jasmonic
acid signaling from some rhizospheric Bacillus strains (Niu et al.,
2016; Song et al, 2017). For example, PGPR Bacillus cereus
AR156 installs ISR and enhances SAR with increased PR-1
protein expression in plants (Niu et al, 2016). Pathogenesis-
related (PR) genes are widely expressed downstream the SA,
jasmonic acid (JA), and ethylene (ET) pathways in plants, which
play important roles in the inducible defense mechanism in
plants against pathogens, facilitating plant adaptation to the
environment (Hoffmann-Sommergruber, 2002). Specifically,
the PR-1 gene is used as a marker for the SA-dependent signal
transduction pathway and for the study of defense gene
expression in plants (Ono et al, 2004). Therefore, transgenic
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Arabidopsis plants transformed with the PR-1-promoter fused to
the B-glucuronidase (GUS) or luciferase have been used as a
model system for high-throughput screening of bacterial
activators that enhance disease-resistance mechanisms in
various plants (Ogura et al., 2005; Narusaka et al., 2006).
Therefore, we predicted that endophytic bacteria may stimulate
the expression of the PR-1 gene and influence their resistance-
inducing activities.

In this study, endophytic bacteria isolated from several
sources were screened for their possible induction of resistance
against PWD, using a sequence of Arabidopsis plants with the
PR-1-promoter fused to GUS, in vitro pine callus, and in vivo
pine seedling assay systems. The objectives of this study were to
select resistance-inducing bacteria capable of managing PWD by
foliar application, identify the bioactive compounds responsible
for the induction of resistance, and characterize the functional
mechanism employed in pine trees by the selected bacteria and
their bioactive compounds.

MATERIALS AND METHODS

Nematodes, Plant Materials, and Callus
Culture
The pine wood nematode (PWN) B. xylophilus was isolated from
infected pine trees and provided by the National Institute of
Forest Science (NIFoS; Seoul, South Korea). Initially, PWN was
cultured on the mycelia of Botrytis cinerea fully grown on potato
dextrose agar (PDA, Difco; Becton, Dickinson and Company,
MD, USA) at 25°C for propagation (Maehara and Futai, 2000).
After 7 days of incubation, the propagated nematode was
harvested using the funnel technique (Baermann, 1917), rinsed
three times with sterilized distilled water and then prepared as an
aqueous suspension of B. xylophilus for subsequent experiments.

Seeds of the Arabidopsis plant (Arabidopsis thaliana ecotype
Columbia (Col-0)) genetically engineered with the GUS reporter
gene fused to the PR-1 promoter were provided by Y. C. Kim
(College of Agriculture and Life Science, Chonnam National
University, South Korea). The seeds were surface sterilized in 5%
sodium hypochlorite followed by immersion for 3 min in 70%
ethanol. After washing with sterile distilled water, they were left
to imbibe in sterile water containing 0.1% agarose (Gibco;
Thermo Fisher Scientific INc., MA, USA) in the dark at 4 for
3 days. Subsequently, the seeds were allowed to germinate on
plates containing 1x Murashige and Skoog (MS) salt mixture and
0.5 g/L 2-(N-morpholino) ethanesulfonic acid (MES), pH 5.8, in
1% Duchefa agar (Duchefa Biochemie, Haarlem, The
Netherlands). Seedlings were grown in a growth chamber (VS-
3DM-600; Hanbaek, Bucheon, South Korea) under
photoperiodic cycles of 16-hour light/8-hour dark at 22 with
70% humidity.

For the in vivo pathogenicity assay, three- or four-year old red
pine (Pinus densiflora) and black pine (P. thunbergii) saplings
with average height of 40 cm and average diameter of 0.5 cm

were obtained from Daelim Farm (Okcheon, South Korea) and
then transplanted to 15-cm diameter pots containing sterilized
nursery soil in the greenhouse, keeping an average temperature
of 25°C.

For the in vitro assay, Pinus calli were obtained from NIFoS
(Seoul, South Korea). Calli were taken aseptically from embryos
of P. densiflora and cultured in Litvay medium (LM; Thomas
Scientific Inc., NJ, USA), including vitamins with 2 pg/ml 2,4-
chlorophenoxyacetic acid and 1 pg/ml 6-benzyl-aminopurine
solution at 24 under dark conditions.

Isolation and Incubation of Endophytic
Bacteria

Endophytic strains were isolated from agronomic plants and
grove trees of five regions in South Korea (Daejeon, Gwangju,
Jeongeup, Busan, and Sacheon). The agronomic plants tested
were tomato, pepper, and onion. The grove trees used in this
study included cherry and peach trees. Individual leave, stem,
and root samples were put into plastic bags, placed in a cool box
for transportation, and stored at 4°C. Plant samples were surface
sterilized for 10 s with 2% sodium hypochlorite and rinsed five
times in sterile distilled water. Sterilized plant samples were
dissected into 1-cm pieces and macerated with a sterile mortar
and pestle. Each 1 g plant sample was suspended in 10 ml of
sterile distilled water and shaken vigorously for 2 min. The
supernatant was serially diluted in sterile distilled water (10™" to
1077), and plated on tryptic soy agar medium (TSA, Difco, MD,
USA). After incubation at 30°C for 1-2 days, each strain was
streaked on TSA and then a single colony was isolated. Isolated
bacterial strains were stored cryogenically in 20% glycerol at
—70°C. For in vitro and in vivo bioassays, bacterial strains were
inoculated in tryptic soy broth (TSB, Difco, MD, USA) for 3 days
at 30°C with agitation (200 rpm).

Histochemical Staining for GUS Activity in
Arabidopsis Leaves

Four-week-old Arabidopsis seedlings from the PR-I1pro::GUS line
were used to assess the resistance inducting activity of
endophytic bacteria, which were isolated from several plants
and their rhizospheric soils. For GUS staining of Arabidopsis
leaves, leaf discs (5 mm diameter) were placed in 96 well plates
containing the culture filtrate of bacterial strains and then the
plates were incubated for 12 h at 22 with relative humidity above
70% under light conditions. After treatment, GUS activity was
measured as described by Jefferson et al. (1987). Prior to the
staining reactions, the treated leaves were fixed in a fixation
solution (0.3% formaldehyde, 10 mM MES, pH 5.6, and 0.3 M
mannitol) for 1 h on ice. The staining reaction was performed in
50 mM sodium phosphate buffer (pH 7.0) that contained 10 mg/
ml 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid (X-Gluc)
and 0.02% (w/v) Triton X-100 for 24 h at 22 in the dark.
After staining, leaf discs were decolorized in 7% (v/v) ethanol for
24 h and rinsed with water. Each experiment was run
in triplicates.
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In Vitro Screening of Bacterial Strains That
Induce PR-1 Gene in Pinus callus
The endophytic bacteria that were selected based on GUS activity
in PR-1pro::GUS Arabidopsis line were used for the in vitro assay
that analyzed their PR-1 gene expression inducing activity in
Pinus callus. Selected endophytic bacteria were cultured up to an
ODggo = 0.8 at 30 in TSB for the in vitro assay. A bacterial
suspension (500 ul) was treated with P. densiflora callus (100 mg)
and then incubated at 24 using a digital rocker at 50 rpm under
dark conditions. The untreated controls for the in vitro
experiments were performed applying the same amount of
sterile TSB. Each experiment was run in triplicates.

After incubation with the bacterial suspension for 1 day, total
P. densiflora callus RNA was extracted using CTAB extraction
buffer with elimination of high viscosity and excessive
polysaccharides (Azevedo et al, 2003). Then, total RNA was
further purified using RNeasy mini kit (Qiagen, Valencia, CA,
USA), according to the manufacturer’s recommendations. cDNA
libraries were prepared from total callus RNA with oligo (dT)
primers and SuperScriptTM IV reverse transcriptase (Invitrogen
Inc., Carlsbad, CA, USA), according to the manufacturer’s
protocols. The PCR primers of the PR-I gene used in this
study (Table 1) were synthesized by Genotech (Daejeon, Korea).

Determination of relative mRNA expression was carried out
in a real-time PCR detection system (Bio-Rad CFX 96; Bio-Rad
Laboratories, Hercules, CA, USA). cDNA was analyzed using
iQTM SYBR Green supermix (Bio-Rad Laboratories) in a 20 ul
volume. Data were analyzed using BioRad CFX Manager Version
2.1. Relative fold changes in mRNA between treatments were
determined based on the AACT method after normalizing to the
housekeeping gene elongation factor 1o (EF-1a) (Livak and
Schmittgen, 2001). Samples were run in triplicate and averaged.

TABLE 1 | Primers used in this study.

Gene Sequence (5’—3’) Reference
PR-1 For TGCCCCTTCAGGTAAATCGT Hirao et al. (2012)
PR-1 Rev GCGGGTCGTAGTTGCAGATAA

PR-2 For CGACAACATTCGCCCCTTCT

PR-2 Rev CTGCAGCGCGGTTTGAATAT

PR-3 For CCATCGAAGCCCAGGTAATTT

PR-3 Rev AGCCGGGAAGCAATATTATGGT

PR-4 For CCCCGTTACTGTCAATTGCAT

PR-4 Rev AAAGCGTGACGGTGCGTATT

PR-5 For GAACCAGTGCCCATACACAGTCT

PR-5 Rev CCTGCGGCAACGTTAAAAGTC

PR-6 For TGCTGGCGGCATCTATTTTA

PR-6 Rev TAACACCTGCGCAAATGCA

PR-9 For ACACCACCGTGCTGGACATT

PR-9 Rev GTGCGGGAGTCGGTGTAGAG

PR-10 For TGTCTCAAGTGGAGGCAAGGA

PR-10 Rev AAGCGACAATTTCAGGCAAAAC

EF-1o For GGGAAGCCACCCAAAGTTTT

EF-10. Rev TACATGGGAAGACGCCGAAT

PdPR-4 For TGTGACGAATCCTTCAACGC Lee et al. (2019)
PdPR-4 Rev AAAGCCGCGGTTTCAAGATC

PdCHI For TTCATCACAGCTGCCAATGC

PACHI Rev ATGCTCCAGTTTCGTGCATC

PdBGL2 For AAGTCCGTGCATTCTCAACG

PdBGL2 Rev TCCGCCATGGAAAATTTGGG

Efficacy of JCK-1233 in the Control of
PWD by B. xylophilus on Pinus densiflora
and P. thunbergii Seedlings

The disease control efficacy of the JCK-1233 bacterial strain was
evaluated against PWD on three- and four-year-old P. densiflora
(black pine) and P. thunbergii (red pine) seedlings with an
average height of 40 cm and an average root-collar calliper of
0.5 cm. JCK-1233 were cultured in TSB at 30°C for 24 h with
shaking at 150 rpm. Each culture was diluted using distilled
water containing Tween 20 (250 mg/l) to a final concentration of
8 x 10° colony-forming units (cfu)/ml using a UV-VIS
spectrophotometer (UV-1601; Shimadzu Co., Kyoto, Japan).
Black pine and red pine seedlings pre-treated with Tween 20
(5 ml, 250 mg/l) per seedling were foliar sprayed twice with a
JCK-1233 bacterial suspension (5 ml/seedling) at one-week
interval. Distilled water containing Tween 20 (250 mg/l) was
used as an untreated control. Emamectin benzoate (20 mg/ml)
was supplied from Syngenta Korea (Seoul, South Korea) and
used once as a positive control for treatment by trunk injection
(100 pl/seedling). After one week from trunk injection with
emamectin benzoate or the second treatment with the bacterial
suspension, pine seedlings were inoculated with PWN as
previously reported by Kwon et al. (2010). After making a
small slit with a surface-sterilized knife in the stem of the
seedlings, a small piece of absorbent cotton was inserted into
the slit, and a water suspension of nematodes (2,000 nematodes/
100 pl) was pipetted onto the absorbent cotton. The slits were
then covered with Parafilm to prevent drying. PWD severity was
evaluated according to the wilting and consequent discoloration
area of the needles (Proenca et al., 2010). The experiments were
repeated twice in five replicates.

In Vitro Nematicidal Activity of JCK-1233
Culture Filtrates Against B. xylophilus

The nematicidal activity of JCK-1233 culture filtrates was
evaluated testing their effect on the mortality of PWN B.
xylophilus. Treatments were performed in 96 well tissue culture
plates containing approximately 50 PWNs/well. To prevent
solution evaporation, the plates were covered and kept in the
dark at 25°C with gentle shaking. Three days after exposure, the
PWNs were moved to tap water and grouped into motile and
immotile categories based on observations made under a light
microscope (Leica DM IL LED; Leica Microsystems CMS
GmbH, Wetzlar, Germany) after pricking their bodies with a
fine needle. PWNs that did not move and retained a stiff and
straight body shape even after pricking with a needle were
considered dead. TSB medium was used as a negative control.
The experiment was repeated twice with triplicate. To analyze
the nematicidal activity of JCK-1233 against PWNs, the
mortality of PWNs was converted to percentage mortality and
corrected using the formula of Schneider-Orelli (1947): Mortality
(%) = [(mortality percentage in treatment — mortality percentage
in the negative control)/(100 — mortality percentage in the
negative control)] x 100. The nematicidal activities of JCK-
1233 were evaluated analyzing the mortality of PWNs over a
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concentration range of 0.63 to 20%. The experiments were
repeated twice in triplicate.

Molecular Identification of JCK-1233

A JCK-1233 isolate showing induced resistance activity in pine
seedlings was identified by recA nucleotide sequence analysis.
The genomic DNA of the JCK-1233 isolate was prepared using a
DNeasy Blood and Tissue kit (Qiagen, Hilden, Germany)
following the manufacturer’s recommendations. PCR
amplification of the recA gene was performed using the
universal bacterial primer pair recA-F (5'-GATCGTCA
RGCAGSCYTWGAT-3")/recA-R (5'-TTWCCRACC
ATAACSCCRAC-3') in a 20 pl reaction mixture containing
genomic DNA (2 pl), primers (1 pl of each, 10 pM), sterilized
distilled water (16 pl), and Accupower® PCR premix (1 pl)
(Bioneer Corp., Daejeon, South Korea). The PCR conditions
were 95 for 10 min, followed by 35 cycles of 95 for 30 s, 49 for
30s,and 72 for 1 min, and then a final extension at 72 for 5 min.
The result from the recA sequencing was used to identify JCK-
1233 based on the National Center for Biotechnology
Information (NCBI) blast database. Sequence alignment and
phylogenetic analysis were performed using the neighbor-
joining (NJ) method with MEGA 6, with the number of
bootstrap trials set to 1000. The Kimura 2-parameter model
was selected as the best model to construct the tree for NJ
(Tamura et al., 2013).

Extraction and Isolation of Potential
Resistance Inducers From B. thuringiensis
JCK-1233 Strain Cultures

To find the chemicals giving inducible resistance to plants from
the culture filtrates of B. thuringiensis JCK-1233, the strain was
pre-cultured in in tryptic soy broth (TSB) medium overnight at
37 . Then, JCK-1233 was grown in TSB medium to an ODy of
0.8. The cultured broth of TSB-1233 (72 L) was condensed to
10 L on a rotary evaporator in vacuo at 40°C. Then, the
condensed broth was partitioned with CH,Cl, to yield different
fractions. The CH,Cl, soluble fraction was subjected to silica gel
column chromatography (CC) and eluted with CH,Cl,-MeOH
(100:0 to 0:100, gradient, v/v), producing 13 fractions (C1-C13).
Fraction C7 was further fractionated by silica gel CC and eluted
with CH,Cl,-acetone (20:1, v/v) to give eight sub-fractions
(C7.1-C7.8). Sub-fraction C7.5 was purified by semi-
preparative RP-HPLC [Gilson Trilution System, Middleton,
WI, USA; YMC Pak ODS-A column (20 x 250 mm, 5 pm
particle size), YMC Co., Kyoto, Japan; UV detection at 210 nm]
using MeOH and H,O in a 0.1% TFA gradient (40:60-70:30, v/v)
at a flow rate of 5 ml/min as a mobile phase. Fraction C11 was
further fractionated by silica gel CC and eluted with CH,Cl,-
acetone (10:1, v/v) to produce seven sub-fractions (C11.1-
C11.7). Following a similar procedure to that used for C7.5,
sub-fraction C11.4 was subjected to semi-preparative RP-HPLC
using MeOH and H,0 in a 0.1% TFA gradient (50:50-70:30, v/v)
at a flow rate of 5 ml/min as a mobile phase.

Characterization of Potential Resistance
Inducers Isolated From B. thuringiensis
JCK-1233 Strain Cultures

The optical rotations were measured using a Jasco P-1020
polarimeter (JASCO, Tokyo, Japan). The electrospray ionization
(ESI) mass spectra were performed on an AGILENT 1100 LC-
MSD trap spectrometer (Agilent Technologies, Palo Alto, CA,
USA). High-resolution electrospray ionization mass spectra (HR-
ESI-MS) were obtained from an Agilent 6530 Accurate-Mass Q-
TOF LC/MS system (Agilent technology, Santa Clara, CA, USA).
NMR spectra were recorded with a Bruker 500 MHz spectrometer
(Bruker, Karlsruhe, Germany) using tetramethylsilane (TMS) as
the internal standard. Silica gel (Merck, Darmstadt, Germany; 63
—-200 um particle size) and RP-18 (Merck, 75 um particle size)
were used for CC. TLC was performed using Merck silica gel 60
F,54 and RP-18 F,s, plates. Preparative reversed-phase (RP)-
HPLC was performed using a Gilson Trilution System with an
UV detector (UV/VIS-156) and a YMC Pak ODS-A column (20 x
250 mm, 5 um particle size, YMC Co., Kyoto, Japan). HPLC
solvents were purchased from Burdick & Jackson, USA.

Effect of Foliar Spray and Trunk Injection
of DPKs Produced by B. thuringiensis
JCK-1233 Against PWD

The disease control efficacy of diketopiperazines (DPKs)
produced by JCK-1233 was evaluated against PWD on three-
and four-year-old P. thunbergii (black pine) seedlings. Four
DPKs isolated from JCK-1233 culture broth were diluted using
distilled water containing Tween 20 (250 mg/l) to a working
concentration of 1 mM and then used for trunk injection and
foliar spray treatments. For trunk injection, four DPKs (1 mM)
and emamectin benzoate (20 mg/ml) containing 5% MeOH were
treated with 100 pl per seedling. For foliar application, four
DPKs (1 mM, 5 ml per seedling) and JCK-1233 culture (ODggo =
0.8, 5 ml per seedling) were foliar sprayed on Tween 20 pre-
treated seedlings twice at one-week interval. For untreated
controls, the same amount of sterile TSB in distilled water
containing Tween 20 (250 mg/l) for foliar spray and 5%
MeOH for trunk injection was applied. After one week from
the second foliar spray and trunk injection treatments, pine
seedlings were inoculated with PWN (2,000 nematodes/100 pl).
PWD severity was evaluated according to the wilting area of the
seedling. The experiments were repeated twice in five replicates.

Effect of B. thuringiensis JCK-1233 and
cyclo-(L-Pro-L-lle) on the Expression of
Defense Related Genes In Vivo

P. thunbergii (black pine) was used to analyze the effect on the
defense related genes expression in pines. JCK-1233 was cultured
to ODgoo = 0.8 at 30 in TSB and then JCK-1233 bacterial
suspension containing Tween 20 (250 mg/l, 5 ml per seedling)
used for foliar spray. The selected diketopiperazine, cyclo-(L-Pro-
L-Ile), was diluted using distilled water containing Tween 20
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(250 mg/l) to a working concentration of 1 mM and then used
for foliar spray (5 ml per Tween 20 pre-treated seedling twice at
one-week interval). For untreated controls, the same amount of
sterile TSB in distilled water containing Tween 20 (250 mg/l) was
applied. After one week from the second treatment, pine
seedlings were inoculated with PWN (2,000 nematodes/100
ul). Three replicates were performed for each treatment.

At 1 day after the first treatment (1 DAT), 1 day after the
second treatment/8 days after the first treatment (8 DAT), and 1
day and 3 days after inoculation with PWN (1 DAI and 3 DAI),
P. thunbergii total RNA was extracted from the pine needles
using CTAB extraction buffer with elimination of high viscosity
and excessive polysaccharides (Azevedo et al., 2003). Then, total
RNA was further purified using IQeasyTM plus plant RNA
extraction mini kit (iNtRON, Seongnam, South Korea),
according to the manufacturer’s recommendations. cDNA
libraries were prepared from total pine needle RNA using oligo
(dT) primers and SuperScriptTM IV reverse transcriptase
(Invitrogen Inc., Carlsbad, CA, USA), according to the
manufacturer’s protocols. The PCR primers used in this study
(Table 1) were synthesized by Genotech (Daejeon, Korea).

Determination of relative mRNA expression was carried out
in a real-time PCR detection system (Bio-Rad CFX 96; Bio-Rad
Laboratories, Hercules, CA, USA). cDNA was analyzed using
iQTM SYBR Green supermix (Bio-Rad Laboratories) in a 20 ul
volume. The data were analyzed using BioRad CFX Manager
Version 2.1. Relative fold changes in mRNA between treatments
were determined based on the AACT method after normalizing
to the housekeeping gene elongation factor 1 alpha (Livak and
Schmittgen, 2001). The samples were run in triplicate
and averaged.

Statistical Analysis

The parameters measured in this study were designed to evaluate
the efficacy of JCK-1233 and DPKs against PWN. The analyses
were conducted separately for in vitro and in vivo experiments.
All data were analyzed for homogeneity of variance using the
SPSS statistical analysis software (version 21.0 for Windows;
SPSS, Chicago, IL, USA). The data were expressed as means *
standard error of replicates and evaluated by one-way analysis of
variance (ANOVA). Statistical differences among treatments
were determined according to Duncan’s multiple-range test
(p < 0.05).

RESULTS

Primary Screening of Bacteria-Induced
Resistance in Arabidopsis

Five hundred and four bacterial strains were isolated from
plants of five different regions in Korea. The isolated bacteria
were screened for their potential resistance-inducing abilities
using transgenic Arabidopsis plant lines containing the
B-glucuronidase (GUS) construct fused to the PR-1 promoter,
which are known to visualize the ability to elicit the SA signaling
pathway when exposed to potential resistance inducers. After co-

incubation of bacterial cultures with leaf discs from the PR-Ipro::
GUS Arabidopsis line, 24 isolates out of 504 endophytic bacteria
showed increased transcriptional GUS activity compared to that
of the untreated control (Supplementary Data S1).

Effect of the Selected Bacteria on PR-1
Transcript Expression in Pinus Calli

Among the 24 selected bacterial strains from the previous PR-
Ipro::GUS Arabidopsis assay, only 8 strains were shown in the
pine callus assay to increase the expression of PR-I at least 1.3-
fold compared to that in untreated controls (Table 2).
Specifically, bacterial strain JCK-1233-treated calli showed the
highest increase in PR-1 gene expression (3.59-fold compared to
that in the untreated control). Based on these results, JCK-1233
was selected for further experiments as a potent candidate for the
induction of resistance in pine trees.

Efficacy of JCK-1233 in the Control of
PWD by B. xylophilus on P. densiflora and
P. thunbergii Seedlings
Treatment with a JCK-1233 culture suspension significantly
reduced PWD severity in nematode-inoculated P. densiflora
and P. thunbergii seedlings (Figure 1). Disease severity in P.
densiflora seedlings treated by foliar spray with a JCK-1233
culture suspension was significantly reduced compared to the
control (24.2% compared to 89.8% in treated and control
samples, respectively). The control efficacy of JCK-1233
treatment was comparable to that of EB-treated seedlings, in
which disease severity was 14.5% (Figure 1A). Moreover, wilting
in EB and JCK-1233-treated P. densiflora seedlings appeared
gradually, starting from 36 DAI with PWNs, while wilting in
untreated controls of P. densiflora seedlings advanced rapidly
starting from 20 DAI. Although the control efficacy of EB
treatment (83.9%) was slightly higher than that of JCK-1233
treatment, JCK-1233 treatment showed a significant control
efficacy of 73.1% against PWD in P. densiflora seedlings
(Figure 1C).

A similar control efficacy of JCK-1233 treatment was
observed in P. thunbergii seedlings, in which disease severity
reached 42.5%, compared to 96.3% in untreated controls and

TABLE 2 | Relative transcription level of the SA marker PR1 in Pinus densiflora
calli inoculated with the initially selected endophytic bacterial strains.

Strain PR1 Strain PR1

JCK-757 2.19+0.16 JCK-1229 1.08 + 0.42
JCK-758-1 0.94 + 0.41 JCK-1233 3.59 +0.88
JCK-758-2 0.58 +0.12 JCK-1266 0.73+0.19
JCK-761 1.30 +0.14 JCK-1287 0.66 + 0.09
JCK-767 0.24 +0.10 JCK-1288 1.49 + 0.34
JCK-947 0.82 +0.13 JCK-1307 0.42 +0.16
JCK-1005 0.67 +0.09 JCK-1308 0.64 +0.21
JCK-1180 2.04 +£0.49 JCK-1309 1.31 £ 0.42
JCK-1182 0.55+0.12 JCK-1318 1.89 + 0.33
JCK-1187 2.25+0.68 JCK-1320 0.94 +0.34
JCK-1217 0.75 £ 0.11 JCK-1328 1.09 +0.15
JCK-1222 0.12 £0.02 JCK-1333 0.85 + 0.31

Data was presented as the mean + standard deviation of three biological replicates.
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FIGURE 1 | Effect of the JCK-1233 culture broth against pine wilt disease caused by pine wood nematodes in pine seedlings. Disease severity after inoculation with
pine wood nematodes in (A) red pine (Pinus densiflora) seedlings, and (B) black pine (Pinus thunbergii) seedlings. (C) Disease control efficacy at 28 days after
inoculation (DAI) in P. densifiora and P. thunbergii seedlings. Data was represented as the mean and standard error of two runs with five replicates per run. Different
lower case letters shown values that are significantly different (o < 0.05) level by Duncan’s test.

26.7% in EB treated seedlings (Figure 1B). In addition, wilting in
untreated P. thunbergii appeared earlier (16 DAI) than in EB-
and JCK-1233-treated-P. thunbergii seedlings, in which wilting
appeared gradually from 24 and 20 DAI, respectively. In
agreement with the results on P. densiflora seedlings, JCK-1233
treatment also showed a significant control efficacy against PWD
in P. thunbergii seedlings, although its control efficacy (55.8%)
was a little lower than that of EB treatment (72.3%) (Figure 1C).

In Vitro Nematicidal Activity of JCK-1233
Culture Suspensions Against B. xylophilus
The effect of JCK-1233 culture suspensions on B. xylophilus
juvenile mortality was determined at 3 days after exposure. There
was no effect of JCK-1233 treatment on B. xylophilus juvenile
mortality at the tested concentrations (0.63-20%) compared to
the TSB control treatment (0.8-1.9 and 2.3%, respectively),
whereas treatment with EB exhibited more than 99% mortality
from a concentration of 0.33 pg/ml (Table 3). Therefore, JCK-
1233 does not seem to have a direct nematicidal activity against
B. xylophilus.

Molecular Identification of JCK-1233
The selected bacterial isolate JCK-1233 was identified as B.
thuringiensis based on BLAST and phylogenetic analyses of the

TABLE 3 | The in vitro nematicidal activity of JCK-1233 culture filtrates.

Sample Concentration Mortality (%) STD
Emamectin 3 100.0a 0.0
Benzoate 1 99.0a 0.9
(ng/mi) 0.33 98.9a 2.0
0.11 64.0b 2.8

0.04 51.3c 5.3

0.01 17.2d 1.5

JCK-1233 20 1.9e 2.0
(%) 10 1.9e 1.8
5 0.8e 1.3

25 0.7e 1.3

1.25 2.2e 0.1

0.63 0.8e 1.3

TSB - 2.3e 0.8

Each value represents the mean and standard deviation of two runs with three replicates
per run. Different lower case letters shown values that are significantly different (p < 0.05)
level by Duncan'’s test.

amplified recA gene sequence (Figure 2). The amplified genes
were registered in GenBank under the accession number
MT024187. B. thuringiensis JCK-1233 was deposited in the
KCCM (Korean Culture Center of Microorganisms, Seoul,
Korea) as KCCM 14085BP.

Extraction and Isolation of Putative Active
Compounds From B. thuringiensis JCK-
1233 Strain Culture

The condensed broth of JCK-1233 (10 L) was partitioned with
CH,Cl,, yielding CH,Cl, (2.3 g) fractions. Using silica gel
column chromatography (CC), the CH,CI, soluble fraction
(2.3 g) was divided into 13 fractions (C1-C13). Fraction C7
(510 mg) was further fractionated by silica gel CC and eluted
with CH,Cl,-acetone (20:1, v/v) to give eight sub-fractions
(C7.1-C7.8). Sub-fraction C7.5 (253.5 mg) was purified by
semi-preparative RP-HPLC using MeOH and H,O in a 0.1%
TFA gradient (40:60-70:30, v/v) at a flow rate of 5 ml/min as a
mobile phase to give compounds 2 (40 mg) and 3 (55 mg).
Fraction C11 (255 mg) was fractionated by silica gel CC and
eluted with CH,Cl,-acetone (10:1, v/v) to produce seven sub-
fractions (C11.1-C11.7). Following a similar procedure to that
used for C7.5, sub-fraction C11.4 (140 mg) was subjected to
semi-preparative RP-HPLC using MeOH and H,O in a 0.1%
TFA gradient (50:50-70:30, v/v) at a flow rate of 5 ml/min as a
mobile phase to give compounds 1 (5.5 mg) and 4 (5.0 mg).

Characterization of Potential Resistance
Inducers Isolated From B. thuringiensis
JCK-1233 Strain Culture

The presence of the DKP ring system in compounds 1-4 was
evident from the characteristic carbon chemical shifts of two
amide and carbonyl groups (8¢ 166.6-172.6 ppm), and proton
chemical shifts of the two methine residues (8y; 3.63-4.45 ppm)
(Supplementary Data S2) (Jayatilake et al., 1996; Fdhila et al.,
2003). The evidence of proline as one of the components of DKP
(compounds 1-3) was deduced from the presence of three broad
methylene multiplets (8y 1.25-3.65 ppm) in these compounds.
Based on the analysis of 1-dimensional NMR data, COSY
correlations and literature values, valine, isoleucine, and
phenylalanine were identified as the second amino acid residue
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FIGURE 2 | Phylogenetic tree derived from a distance analysis of recA gene sequences in JCK-1233. The sequences were aligned using MEGA 6.0 software. The
phylogenetic tree was constructed using the neighbor-joining (NJ) method with bootstrap analysis (1,000 trials). The selected strain was identified as Bacillus
thuringiensis, which was separated in an exclusive cluster. Bars indicate the percentage of sequence divergence. T represents the type strains.

in compounds 1-3, respectively (Jayatilake et al., 1996; Campo  m, H-5), 2.20 (1H, m, H-10), 2.04, 1.95 (each 1H, m, H-4), 1.47, 1.34
et al, 2009; Li et al., 2012; Ding et al., 2013; Jiang and Yang, (each 1H, m, H-11), 1.10 (3H, d, J = 7.0, H-13), 0.96 (3H, t, ] = 7.5,
2013), while in compound 4 it was the combination of leucine H-12). >*C NMR (125 MHz, CD;0D): § 172.6 (C-7), 167.6 (C-1),
and valine (Ding et al., 2013). The configuration of the DKPs was 60.0 (C-6), 61.3 (C-9), 46.2 (C-3), 37.1 (C-10), 29.6 (C-5), 25.5 (C-
determined by analysis of the NOESY spectrum and comparison  11), 23.3 (C-4), 15.6 (C-13), 12.7 (C-12). HRESI-MS m/z 211.1443
with the optical rotations in the literature. In addition, in the [M+H]* (caled for C;H;oN,O,, 211.1447). .
NOESY spectrums, the NOE interactions between H-6 and H-9 cyclo-(L-Pro-L-Phe) (compound 3). Yellowish oil. [0.] D—-43.9
observed in compounds 2 and 3, but not in compound 1, (c0.16, MeOH). 'H NMR (500 MHz, CD;0D): § 7.32 (2H, m, H-3’,
indicated that these two methine protons have the same 5), 7.30 2H, m, H-2’, 6), 7.28 (1H, m, H-4), 4.45 (1H, m, H-6),
orientation in compounds 2 and 3, and a different orientation 4.07 (1H, m, H-9), 3.55, 3.34 (each 1H, m, H-3), 3.18 (2H, t, ] = 4.5,
in compound 1. Based on the above analysis and combined with H-10), 2.11, 1.27 (each 1H, m, H-5), 1.80 (2H, m, H-4). >C NMR
the positive optical rotation values of compounds 1, and the (125 MHz, CD;0D): 6 171.0 (C-7), 166.9 (C-1), 137.5 (C-1’), 131.1
negative optical rotation values of compounds 2 and 3, the (C-3, 5), 129.5 (C-2’, 6), 128.1 (C-4), 60.1 (C-9), 57.4 (C-6), 46.1
structures of compounds 1-3 were elucidated as cyclo-(D-Pro- (C-3), 38.1 (C-10), 29.4 (C-5), 22.9 (C-4). HRESI-MS m/z 245.1295
L-Val) (Jayatilake et al., 1996; Shigemori et al., 1998; Fdhila et al., [M+H]" (caled for C;,H,7N,0,, 245.1290).
2003; Campbell et al., 2009), cyclo-(L-Pro-L-Ile) (Jayatilake et al., cyclo-(L-Leu-L-Val) (compound 4). White amorphous
1996; Fdhila et al., 2003), and cyclo-(L-Pro-L-Phe) (Jayatilake powder. [a]D —-38.1 (¢ 0.15, MeOH). 'H NMR (500 MHz,
et al,, 1996; Fdhila et al., 2003), respectively (Figure 3). By a CD50D): 6 3.97 (1H, m, H-3), 3.80 (1H, m, H-10), 2.24 (1H, m,
similar analysis, the structure of compound 4 was determined as H-11), 1.88 (1H, m, H-5), 1.77, 1.63 (each 1H, m, H-4), 1.08 (3H, d,
cyclo-(L-Leu-L-Val) (Ding et al., 2013). 2 J=7.0,H-12),1.00 (3H, d, ] = 6.5, H-7),0.98 (3H, d, ] = 7.0, H-13),

cyclo-(D-Pro-L-Val) (compound 1). Yellowish oil. [o] D +43.8 0.97 (3H, d, J = 6.5, H-6). *C NMR (125 MHz, CD;0D): § 171.4
(c 0.1, MeOH). 'H NMR (500 MHz, CD;0D): 6 4.26 (1H, m, H-7), (C-8), 169.8 (C-1), 61.6 (C-10), 54.5 (C-3), 46.1 (C-4), 33.8 (C-11),
3.63 (1H, m, H-9), 3.65, 3.51 (each 1H, m, H-3), 2.37, 1.96 (each 1H, 25.4 (C-5), 23.7 (C-7), 21.9 (C-6), 19.4 (C-12), 17.9 (C-13). HRESI-
m, H-5), 2.17 (1H, m, H-10), 2.04, 1.91 (each 1H, m, H-4), 1.05 (3H,  MS m/z 213.1611 [M+H]" (caled for C,,;H,N,O,, 213.1603).
d, J =70, H-11), 1.02 (3H, d, ] = 7.0, H-12). °C NMR (125 MHz, . L.
CD;0DY): 8 1715 (C-7), 168.1 (C-1), 645 (C-9), 59.8 (C-6), 468 (c-  Effect of Foliar Spray and Trunk Injection
3), 345 (C-10), 304 (C-5), 230 (C-4), 195 (C-11), 185 (C-12). Oof DPKs Produced by B. thuringiensis
HRESI-MS rm/z 197.1283 [M+H]" (caled for C1oH;,N,0,, 197.1290). JCK-1233 Against PWD

cyclo-(L-Pro-L-Ile) (compound 2). Yellowish oil. [ot] D —25.5 The effect of trunk injection and foliar spray with four DPKs
(c 0.14, MeOH). 'H NMR (500 MHz, CD;OD): & 4.22 (1H, m, H- produced by B. thuringiensis JCK-1233, cyclo-(D-Pro-L-Val),
6), 4.10 (1H, m, H-9), 3.52-3.59 (2H, m, H-3), 2.34, 1.96 (each 1H, cyclo-(L-Pro-L-Ile), cyclo-(L-Pro-L-Phe), and cyclo-(L-Leu-L-
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Pro-L-Phe), and (D) cyclo-(L-Leu-L-Val).

Val), on PWD control was determined in nematode-inoculated
P. thunbergii seedlings 21 and 28 days after inoculation. Both
trunk injection and foliar spray with a JCK-1233 culture filtrate
or the four DPKs showed efficacy in reducing the severity of
PWD in nematode-inoculated P. thunbergii seedlings (Figure 4).
For trunk injection, the disease severity after treatment with
compounds cyclo-(D-Pro-L-Val), cyclo-(L-Pro-L-Ile), cyclo-(L-
Pro-L-Phe), and cyclo-(L-Leu-L-Val) were 30.0, 40.0, 51.7, and
25.8%, respectively, after 21 days of inoculation, and progressed
to 79.2, 57.5, 81.7, and 51.7%, respectively, after 28 days (Figure
4A). The disease control efficacy at 28 days after inoculation was
excellent in cyclo-(L-Leu-L-Val) and cyclo-(L-Pro-L-Ile)
(Figure 4B).

In foliar spray, disease severity after treatment with cyclo-(D-
Pro-L-Val), cyclo-(L-Pro-L-Ile), cyclo-(L-Pro-L-Phe), and cyclo-
(L-Leu-L-Val) was 21.7, 28.3, 47.3, and 42.2%, respectively, after
21 days of inoculation, and progressed to 71.7, 45.8, 75.8, and
65.8%, respectively, after 28 days (Figure 4C). The disease
severity and control value trends of the four DPKs upon foliar
spray were similar to those observed upon trunk injection, except
for cyclo-(L-Leu-L-Val) (Figure 4D). Specifically, after 28 days of
inoculation, the disease control efficacy of cyclo-(L-Pro-L-Ile) by
foliar spray (50.0%) was the highest among the four compounds,
and its disease control efficacy by trunk injection (37.3%) against
PWD was also as good as that of cyclo-(L-Leu-L-Val) (33.7%),
which showed the highest efficacy when trunk injected (Figures
4C, E).

Effect of B. thuringiensis JCK-1233 and
the Selected Bacterial Active Compound
on the Expression of Defense Related
Genes In Vivo

The effect of foliar spray with either B. thuringiensis JCK-1233 or
the bioactive compound cyclo-(L-Pro-L-Ile) was tested on the
expression of defense-related genes in pine seedlings. The
relative expression level of PR-1 gene was higher at 1 DAT
with JCK-1233 and cyclo-(L-Pro-L-Ile) treatment (4.64-fold and
3.36-fold increase, respectively) compared to that in untreated
control (Figure 5A). At 1 DAI with PWN, 6.84-fold and 6.58-
fold increases in expression were observed in JCK-1233 and
cyclo-(L-Pro-L-Ile) treated seedlings, respectively, compared to
the untreated control at 1 DAT. However, untreated control
seedlings showed a dramatic increase (16.40-fold) in PR-1 gene
expression at 1 DAI with PWN. The relative expression levels of
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SO Oy oy A,

11 11
. NT(H/” NWKH/\Q N ; ! HNW

10 J

12 3 0

12

FIGURE 3 | Structural analyses of the isolated diketopiperazines from Bacillus thuringiensis JCK-1233. (A) cyclo-(D-Pro-L-Val), (B) cyclo-(L-Pro-L-lle), (C) cyclo-(L-

PR-2, PR-3, PR-4, PR-5, PR-9, PdBGL2, and PdPR-4 also showed
a similar pattern to that of PR-1 (Figures 5A, B).

On the contrary, the expression of PR-10 in the untreated
control at 1 DAI only increased 4.42-fold compared to that
before inoculation, which was similar to the expression after
JCK-1233 and cyclo-(L-Pro-L-Ile) treatments at the same time
point. Moreover, unlike the expression of most pathogenesis-
related genes, including PR-1, the expression of PR-10 in JCK-
1233 and cyclo-(L-Pro-L-Ile) treated plants after 8 days treatment
was markedly enhanced (13.57-fold and 13.00-fold, respectively).
The expression level of PR-6 increased markedly at 1 DAI and
did not significantly differ between the untreated control (9.63-
fold), JCK-1233 treated (8.27-fold), and cyclo-(L-Pro-L-Ile)
treated (8.49-fold) plants. In addition, after treatment and
before nematode inoculation (at 1 DAT and 8 DAT), JCK-
1233 and cyclo-(L-Pro-L-Ile) treated plants showed a
significant increase in the PR-6 expression level compared to
that in untreated plants (Figure 5A).

These results suggest that B. thuringiensis JCK-1233 and
cyclo-(L-Pro-L-Ile) enhance the expression of some
pathogenesis-related genes in pine plants. However, such
enhancement is lower than that produced in nematode-
inoculated untreated control plants, except for PR-6 and PR-10
genes, indicating that the pathogenesis-related genes evaluated in
this study may induce resistance against PWN in a different
manner than the general hyposensitive reaction known to occur
during SAR.

DISCUSSION

In this study, B. thuringiensis JCK-1233 was selected among 504
isolated bacteria for its ability to induce systemic resistance and
suppress the severity of PWD. A DPK cyclo-(L-Pro-L-Ile) was
identified as a bioactive compound from the selected strain and
was shown to induce systemic resistance in pine calli and
seedlings. Foliar treatment with the selected strain or the
identified compound resulted in a significant reduction in the
severity of PWD in inoculated pine seedlings. In general, foliar
application using a biocontrol agent or its culture metabolite
could represent a less expensive and more applicable approach
compared to trunk injection with conventional chemical
nematicides in largescale operations and mountainous forests
with poor access.

Frontiers in Plant Science | www.frontiersin.org

38

July 2020 | Volume 11 | Article 1023


https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Park et al.

Diketopiperazine-Induced Resistance in Pine

A
100
0 21DAI
= 28 DAI
—~ 80
S
B
5 60
2
3
3
2
& 40
[}
2
[}
20
Comp1 Comp2  Comp3 Comp 4 EB
Cc
Comp 1 Comp 2 Comp 3

W 28 DAl

Disease severity (%)

Comp1

Comp2  Comp3  Comp4

Comp 1 Comp 2 Comp 3

O 21DAl E

Untreated
control

JCK-1233  Untreated
control

B
a
100 0O 21DAI
m 28 DAI
8 A
£ b
°
2601 b B
=z
2 cBC
c 40
8
b d
20 D
Comp1 Comp2  Comp3 Comp 4 EB
Untreated
Comp 4 EB control

0 21 DAl
m 28DAI

80

60 A

Control value (%)
o

20

Comp1 Comp 2 Comp 3 Comp4  JCK-1233
Untreated
Comp 4 JCK-1233 control

FIGURE 4 | Effect of trunk injection and foliar spray treatments with diketopiperazines on pine wilt disease (PWD). (A) Disease severity and (B) disease control
efficacy of diketopiperazines against PWD at 21 and 28 days after inoculation (DAI) by trunk injection. (C) Photographs of the PWD wilting symptoms on pine
seedlings treated with diketopiperazines by trunk injection at 28 DAI. (D) Disease severity and (E) disease control efficacy of diketopiperazines against PWD at 21
and 28 DAl by foliar spray. (F) Photographs of the PWD wilting symptoms on pine seedlings treated with diketopiperazines by foliar spray at 28 DAI. Comp 1, cyclo-
(D-Pro-L-Val); Comp 2, cyclo-(L-Pro-L-lle); Comp 3, cyclo-(L-Pro-L-Phe); Comp 4, cyclo-(L-Leu-L-Val); EB, emamectin benzoate as a positive control. Error bars
represent standard deviation from five replicates. Data was represented as the mean and standard error of two runs with five replicates per run. Different lower and
upper case letters shown values that are significantly different (p < 0.05) level by Duncan’s test with data at 21 and 28 DA, respectively.

Several DPKs were obtained from B. thuringiensis JCK-1233,
including cyclo-(D-Pro-L-Val), cyclo-(L-Pro-L-Ile), cyclo-(L-Pro-
L-Phe), and cyclo-(L-Leu-L-Val). DPKs are among the most
common peptide derivatives found in natural products as well
as in processed foods and beverages. Of the identified DPKs,
foliar application of cyclo-(L-Pro-L-Ile) efficiently reduced the
incidence of PWD and resulted in the elevated expression of
defense-related genes, similar to the effect of B. thuringiensis

JCK-1233 culture broth. Previous studies have reported the
isolation of cyclo-(Pro-Ile) from Aspergillus terreus (mangrove-
associated fungus), Bacillus pumilus, Callyspongia sp. (marine
sponge), and Trichoderma citrinoviride (marine-derived fungus)
(Shen et al., 2012; Brack et al.,, 2014; Chen et al., 2014; Zhang
et al., 2014). Many studies have reported that DPKs exhibit
various effects, including antibacterial, antifungal, antiviral,
antitumor, and antitoxin activities (Yan et al., 2004; Noh et al.,
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FIGURE 5 | Transcript levels of defense related genes in pine seedlings treated with Bacillus thuringiensis JCK-1233 and the bacterial active compound cyclo-(L-
Pro-L-lle). The expression of pathogenesis-related (PR) genes amplified with primers oriented from black pine trees (Pinus thunbergii) (A) and red pine trees (Pinus
densiflora) (B). Data was presented as the mean and standard error bars of three biological replicates.

2017). Plant growth promoting rhizobacteria (PGPRs) are also
known to produce various DPKs that can induce resistance in
plants (Noh et al., 2017). Although the plant signaling pathway
mediated by DPKs is not clearly characterized yet, cyclo-(L-Ala-
L-Tle), cyclo-(L-Ala-L-Leu), and cyclo-(L-Leu-L-Pro) isolated
from Bacillus vallismortis BSO7 elicited disease resistance in
Arabidopsis against bacterial infection (Noh et al.,, 2017).
However, little is known about the biological functions of
cyclo-(L-Pro-L-Ile).

It was reported that SAR is associated with the SA signaling
pathway, whereas ISR is mediated by the JA and ET signaling
pathways (Van Loon et al., 1998). However, they share a lot of
similarities both in the result and the mechanisms, and are
interconnected by complex signaling networks and crosstalk
phenomena (Pieterse et al., 2009; Niu et al., 2016). Several
researches have also reported that PGPRs could trigger ISR by
concurrently activating the SA- and JA-/ET-signaling pathways,
and even activate SA-dependent SAR (De Meyer et al., 1999;
Andreasson and Ellis, 2010; Niu et al., 2011; Niu et al., 2016).
Song et al. (2017) reported that seed defense biopriming by root-
associated Bacillus gaemokensis PB69 exhibited combined
transcriptional responses with the upregulation of SA, ET, and

jasmonic acid signaling. Furthermore, B. cereus AR156 is a PGPR
that installs ISR to Pseudomonas syringae pv. tomato in
Arabidopsis and enhances SAR with increased PR-1 protein
expression in plants (Niu et al., 2016). Therefore, we predicted
that endophytic bacteria may be able to stimulate the PR-1 gene
expression as well as resistance-inducing activities.

Since the molecular background of induced resistance
mechanism in pine trees is not fully understood, we isolated
resistance-inducing endophytic bacteria through mass screening
using Arabidopsis seedlings of the PR-Ipro::GUS line. Although
PR-1 is the marker gene for Arabidopsis SAR and SA-induced
defense, it is a good indicator involved in pathogen- or microbe-
associated molecular pattern (PAMPs/MAMPs) recognition.
The induced resistance mechanism in different plant species
was evaluated based on PR-1 gene expression in Pinus calli after
treatment with the endophytic bacteria that were selected based
on their GUS activity in the PR-1pro::GUS Arabidopsis line. Here,
we selected B. thuringiensis JCK-1233, which stimulated the
expression of the PR-1 gene in Arabidopsis and pine calli.

SA-mediated SAR responses are directed against biotrophic
pathogens, occurring after the hypersensitive response (HR),
which is a highly specific interaction between a plant resistance
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protein and a pathogenic avirulent, leading to programmed cell
death and pathogen growth arrest in the infected plant tissue
(Glazebrook, 2005). However, this is literally the case of
biotrophic pathogens, such as Peronospora parasitica, Erysiphe
spp., and Pseudomonas syringae, not PWNs. Interestingly, the
development of PWD caused by PWN B. xylophilus has been
reported to be closely associated with the HR. HR as a part of the
plant immune system is a successful strategy for the control of
many potential pests and pathogens, but, in susceptible pine trees
against PWNss, this same system causes pine death. Myers (1988)
suggested that invasion and early migration of PWNs through
tissues enforces a typical HR, such as parenchymal death, toxin
production, and leakage of oleoresins and other materials into
tracheids. With the rapid migration and propagation of PWNss,
the HR spreads throughout the whole plant, and shortly after,
susceptible pine trees die. Indeed, several studies in pines have
shown a significant increase in the expression of resistance genes
to virulent PWNss in susceptible pine trees (Hirao et al., 2012; Lee
et al., 2019).

In P. thunbergii, the expression of PR-1, PR-2, PR-3, PR-4, PR-
5, and PR-6 was increased in susceptible trees but not in resistant
trees after inoculation with PWNs (Hirao et al., 2012). In Pinus
densiflora, inoculation of PWN also increased the expression of
genes involved in the defense response, such as PR proteins (Lee
et al., 2019). Consistent with these results, we observed a marked
rise in the expression levels of PR-1, PR-2, PR-3, PR-4, PR-5, PR-
9, PdBGL, PdCHI, and PdPR-4 in the untreated control
compared to JCK-1233 or cyclo-(L-Pro-L-Ile) treatment after
inoculation with PWNs. In our gene expression analysis using
the susceptible species Pinus thunbergii, we observed that the
multitude of PR genes were upregulated up to 15-41-fold at 1
day after infection with PWNs compared to before infection,
indicating that the HR can occur rapidly in pine seedlings
infected with PWNs. Importantly, the untreated control group
developed an HR much faster than the B. thuringiensis JCK-1233
and cyclo-(L-Pro-L-Ile) treated groups. Therefore, if there are
treatments that can inhibit the migration of PWNs and alleviate
the HR during infection, they may be helpful to control PWD.
Our results suggest that disease resistance in pine trees may be
caused by a moderate hypersensitive reaction.

Fitness-defense balance is important in terms of plant
resistance against pathogens (Hirao et al., 2012). It is
reasonable to think that plants express their inducible defense
only if the protection against pathogens outweighs the costs of
the resistance. However, in susceptible pine trees, plants develop
an intense HR against PWNs. Although susceptible pine trees are
unable to overcome infection, they develop excessive resistance
systems, losing their fitness-defense balance and eventually
dying. Pine seedlings treated with either B. thuringiensis JCK-
1233 or its active compound DPK cyclo-(L-Pro-L-Ile) moderately
increased expression of PR genes compared to that of the
untreated control before and after inoculation with PWNs,
suggesting that a moderate hypersensitive reaction can be a
factor in their resistance against PWD. Although the exact
mechanism behind the resistance induced by JCK-1233 and its
active compound, DPK cyclo-(L-Pro-L-Ile), was not investigated,

we hypothesize that it is involved in maintaining the fitness-
defense balance. In addition, when PWNss infect susceptible pine
trees, JCK-1233 and its active compound DPK cyclo-(L-Pro-L-
Ile) may elicit a resistance consisting of interconnected complex
signaling networks and, consequently, result in a moderate
hypersensitive reaction. Therefore, we emphasize the
importance of future investigations using molecular biological
analyses to determine the functional mechanisms involved in the
moderate HR induced by endophytic bacteria or DPKs,
especially in susceptible pine trees, such as P. thunbergii, P.
koraiensis, P. densiflora, and P. pinaster.

Among the tested PR genes, the expression patterns of PR-6
and PR-10 were different from those of other genes related to the
HR, which were markedly expressed when susceptible pine trees
were infected with PWNs. After inoculation with PWNs, there
was no significant difference in the expression of PR-6 and PR-10
between the untreated and treated groups (Figure 5). Moreover,
B. thuringiensis JCK-1233 and cyclo-(L-Pro-L-Ile) treated pine
seedlings exhibited significantly higher expression levels of PR-6
and PR-10 than that in the untreated control before inoculation
with PWN. PR-6 is known to be active in nematodes and insects,
acting as a proteinase inhibitor (Devi et al., 2017). In plants,
induced proteinase inhibitors often have putative proteinases
targeted to the digestive tract of specific insect predators (Heitz
et al., 1999). Thus, a protein fraction from soybean inhibited
growth and proteolytic activity of the meal worm Tribolium
confusum in vitro (Lipke et al., 1954). PR-10 was shown to be a
ribonuclease-like protein acting against a digestive proteinase
secreted by the root knot nematode Meloidogyne incognita,
which results in a nematostatic condition in vitro (Andrade
et al,, 2010). Along the same lines, PR-10 is predicted to act as
a proteinase against cellulases, -1,3-glucanase, and pectate
lyases secreted by PWNs (Kikuchi et al., 2004; Kikuchi et al.,
2005; Kikuchi et al., 2006; Hirao et al., 2012). Although both PR-
6 and PR-10 are not potent nematicidal proteins, they might
have a role in the suppression of PWN propagation and
migration during the early infection stage, representing an
element in the induced resistance theory, moderate HR,
proposed in this study.

In summary, B. thuringiensis JCK-1233 was selected among
504 isolated bacterial strains for its possible pine systemic
resistance-inducing activity against PWD. Although the
selected B. thuringiensis JCK-1233 did not have a direct
nematicidal effect, foliar treatment of pine seedlings resulted in
a significant reduction in PWD severity to a level comparable to
that of EB trunk injection. In addition, out of the four DPKs
isolated from the selected strain, the activity of cyclo-(L-Pro-L-
Ile) was considered to be a main factor involved in the induction
of pine seedling resistance by B. thuringiensis JCK-1233. Foliar
application with cyclo-(L-Pro-L-Ile) showed better control
efficacy compared to trunk injection, as observed at 28 DAI
with PWN. Foliar application has two major advantages; it can
effectively control PWD at a low cost, and it can be applied in the
management of PWD in forests or areas that are inaccessible to
humans. Treatment with B. thuringiensis JCK-1233 or the
bioactive compound, the DPK cyclo-(L-Pro-L-Ile), moderately
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enhanced the expression of various pathogenesis-related genes
associated with plant immunity. As a result, a rapid and intense
HR was suppressed, and a fitness-defense balance was adequately
maintained. Based on our results, it may be possible to develop
an eco-friendly agent for the control of PWD utilizing our
proposed agent as an aerial application. This study could be
the cornerstone for prospective studies on the induced resistance
against PWD in susceptible pine trees worldwide.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be
directed to the corresponding authors.

AUTHOR CONTRIBUTIONS

AP, S-TJ, Y-SS, and J-CK conceived this study. AP, S-1J, HJ, JuK,
NK, MH, MM, JunK, CL, BM, Y-SS, and J-CK performed the

REFERENCES

Andrade, L. B. D. S,, Oliveira, A. S., Ribeiro, J. K, Kiyota, S., Vasconcelos, I. M., de
Oliveira, J. T. A., et al. (2010). Effects of a novel pathogenesis-related class 10
(PR-10) protein from Crotalaria pallida roots with papain inhibitory activity
against root-knot nematode Meloidogyne incognita. J. Agr. Food Chem. 58,
4145-4152. doi: 10.1021/jf9044556

Andreasson, E., and Ellis, B. (2010). Convergence and specificity in the
Arabidopsis MAPK nexus. Trends Plant Sci. 15, 106-113. doi: 10.1016/
j.tplants.2009.12.001

Azevedo, H., Lino-Neto, T., and Tavares, R. M. (2003). An improved method for
high-quality RNA isolation from needles of adult maritime pine trees. Plant
Mol. Biol. Rep. 21, 333-338. doi: 10.1007/BF02772582

Baermann, G. (1917). Eine einfache methode zur auffindung von Ancylostomum
(Nematoden) larven in erdproben. Geneeskd. Tijdschr. Ned. Indie. 57, 131-137.

Bell, C. (2000). Fumigation in the 21st century. Crop Prot. 19, 563-569. doi:
10.1016/S0261-2194(00)00073-9

Bonifacio, L. F., Sousa, E., Naves, P., Inacio, M. L., Henriques, J., Mota, M., et al.
(2014). Efficacy of sulfuryl fluoride against the pinewood nematode,
Bursaphelenchus xylophilus (Nematoda: Aphelenchidae), in Pinus pinaster
boards. Pest Manage. Sci. 70, 6-13. doi: 10.1002/ps.3507

Brack, C., Mikolasch, A., and Schauer, F. (2014). 2, 5-Diketopiperazines produced
by Bacillus pumilus during bacteriolysis of Arthrobacter citreus. Mar.
Biotechnol. 16, 385-395. doi: 10.1007/s10126-014-9559-y

Campbell, J., Lin, Q., Geske, G. D., and Blackwell, H. E. (2009). New and
unexpected insights into the modulation of LuxR-type quorum sensing by
cyclic dipeptides. ACS Chem. Biol. 4, 1051-1059. doi: 10.1021/cb900165y

Campo, V. L., Martins, M. B., da Silva, C. H., and Carvalho, I. (2009). Novel and
facile solution-phase synthesis of 2, 5-diketopiperazines and O-glycosylated
analogs. Tetrahedron 65, 5343-5349. doi: 10.1016/j.tet.2009.04.069

Chen, Y., Peng, Y., Gao, C., and Huang, R. (2014). A new diketopiperazine from
South China Sea marine sponge Callyspongia sp. Nat. Prod. Res. 28,1010-1014.
doi: 10.1080/14786419.2014.903397

Chinnasri, B., Sipes, B., and Schmitt, D. (2006). Effects of inducers of systemic
acquired resistance on reproduction of Meloidogyne javanica and
Rotylenchulus reniformis in pineapple. J. Nematol. 38, 319-325.

De Meyer, G., Capieau, K., Audenaert, K., Buchala, A., Métraux, J.-P., and Hofte,
M. (1999). Nanogram amounts of salicylic acid produced by the
rhizobacterium Pseudomonas aeruginosa 7NSK2 activate the systemic
acquired resistance pathway in bean. Mol Plant Microbe In. 12, 450-458.
doi: 10.1094/MPMI.1999.12.5.450

experiments. AP, S-IJ, CL, MM, BM, Y-SS, and J-CK analyzed
the data. AP, S-IJ, MH, BM, Y-SS, and J-CK wrote the
manuscript. All authors contributed to the article and
approved the submitted version.

FUNDING

This research was supported by the National Institute of Forest
Science, South Korea (FE0702-2016-11-2020).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fpls.2020.01023/
full#supplementary-material

Devi, E. L., Kumar, S, Singh, T. B., Sharma, S. K., Beemrote, A., Devi, C. P., et al.
(2017). “Adaptation strategies and defence mechanisms of plants during
environmental stress,” in Medicinal Plants and Environmental Challenges
(Berlin, Germany: Springer). 359-413.

Ding, G.-Z., Liu, J., Wang, J.-M., Fang, L., and Yu, S.-S. (2013). Secondary
metabolites from the endophytic fungi Penicillium polonicum and Aspergillus
fumigatus. ]J. Asian Nat. Prod. Res. 15, 446-452. doi: 10.1080/10286020.
2013.780349

Fdhila, F., Vazquez, V., Sanchez, J. L., and Riguera, R. (2003). pp-
Diketopiperazines: antibiotics active against Vibrio anguillarum isolated
from marine bacteria associated with cultures of Pecten maximus. J. Nat.
Prod. 66, 1299-1301. doi: 10.1021/np030233e

Glazebrook, J. (2005). Contrasting mechanisms of defense against biotrophic and
necrotrophic pathogens. Annu. Rev. Phytopathol. 43, 205-227. doi: 10.1146/
annurev.phyto.43.040204.135923

Heitz, T., Geoffroy, P., Fritig, B., and Legrand, M. (1999). “The PR-6 family:
proteinase inhibitors in plant-microbe and plant-insect interactions,” in
Pathogenesis-related proteins in plants. Eds. S. K. Datta and M. Subbaratnam
(Boca Raton, FL: CRC Press), 131-155.

Hirao, T., Fukatsu, E., and Watanabe, A. (2012). Characterization of resistance to
pine wood nematode infection in Pinus thunbergii using suppression
subtractive hybridization. BMC Plant Biol. 12, 13. doi: 10.1186/1471-2229-
12-13

Hoffmann-Sommergruber, K. (2002). Pathogenesis-related (PR)-proteins
identified as allergens. Biochem. Soc Trans. 30, 930-935. doi: 10.1042/
bst0300930

Jayatilake, G. S., Thornton, M. P., Leonard, A. C., Grimwade, J. E., and Baker, B. J.
(1996). Metabolites from an antarctic sponge-associated bacterium,
Pseudomonas aeruginosa. J. Nat. Prod. 59, 293-296. doi: 10.1021/np960095b

Jefferson, R. A., Kavanagh, T. A., and Bevan, M. W. (1987). GUS fusions: B-
glucuronidase as a sensitive and versatile gene fusion marker in higher plants.
EMBO ]. 6, 3901-3907. doi: 10.1002/j.1460-2075.1987.tb02730.x

Jiang, K., and Yang, S. X. (2013). “Chemical constituents from marine
Streptomycete sp. S15,” in Advanced Materials Research (Baech, Switzerland:
Trans Tech Publications). 1275-1277.

Kikuchi, T., Jones, J. T., Aikawa, T., Kosaka, H., and Ogura, N. (2004). A family of
glycosyl hydrolase family 45 cellulases from the pine wood nematode
Bursaphelenchus xylophilus. FEBS Lett. 572, 201-205. doi: 10.1016/
j.febslet.2004.07.039

Kikuchi, T., Shibuya, H., and Jones, J. T. (2005). Molecular and biochemical
characterization of an endo-B-1, 3-glucanase from the pinewood nematode

Frontiers in Plant Science | www.frontiersin.org

42

July 2020 | Volume 11 | Article 1023


https://www.frontiersin.org/articles/10.3389/fpls.2020.01023/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2020.01023/full#supplementary-material
https://doi.org/10.1021/jf9044556
https://doi.org/10.1016/j.tplants.2009.12.001
https://doi.org/10.1016/j.tplants.2009.12.001
https://doi.org/10.1007/BF02772582
https://doi.org/10.1016/S0261-2194(00)00073-9
https://doi.org/10.1002/ps.3507
https://doi.org/10.1007/s10126-014-9559-y
https://doi.org/10.1021/cb900165y
https://doi.org/10.1016/j.tet.2009.04.069
https://doi.org/10.1080/14786419.2014.903397
https://doi.org/10.1094/MPMI.1999.12.5.450
https://doi.org/10.1080/10286020.2013.780349
https://doi.org/10.1080/10286020.2013.780349
https://doi.org/10.1021/np030233e
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1146/annurev.phyto.43.040204.135923
https://doi.org/10.1186/1471-2229-12-13
https://doi.org/10.1186/1471-2229-12-13
https://doi.org/10.1042/bst0300930
https://doi.org/10.1042/bst0300930
https://doi.org/10.1021/np960095b
https://doi.org/10.1002/j.1460-2075.1987.tb02730.x
https://doi.org/10.1016/j.febslet.2004.07.039
https://doi.org/10.1016/j.febslet.2004.07.039
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Park et al.

Diketopiperazine-Induced Resistance in Pine

Bursaphelenchus xylophilus acquired by horizontal gene transfer from bacteria.
Biochem. J. 389, 117-125. doi: 10.1042/BJ20042042

Kikuchi, T., Shibuya, H., Aikawa, T., and Jones, J. T. (2006). Cloning and
characterization of pectate lyases expressed in the esophageal gland of the
pine wood nematode Bursaphelenchus xylophilus. Mol. Plant Microbe Interact.
19, 280-287. doi: 10.1094/MPMI-19-0280

Kloepper, J. W., and Ryu, C.-M. (2006). “Bacterial endophytes as elicitors of
induced systemic resistance,” in Microbial root endophytes. Eds. B. ]. E. Schulz,
C.J. C. Boyle and T. N. Sieber (Berlin, Germany: Springer-Verlag), 33-52.

Kosaka, H., Aikawa, T., Ogura, N., Tabata, K., and Kiyohara, T. (2001). Pine wilt
disease caused by the pine wood nematode: the induced resistance of pine trees
by the avirulent isolates of nematode. Eur. J. Plant Pathol. 107, 667-675. doi:
10.1023/A:1011954828685

Kuroda, K. (2008). “Defense systems of Pinus densiflora cultivars selected as resistant to
pine wilt disease,” in Pine Wilt Disease: A Worldwide Threat to Forest Ecosystems.
Eds. M. Mota and P. Vieiral (Berlin, Germany: Springer), 313-320.

Kwon, T.-S., Song, M.-Y., Shin, S.-C., and Park, Y.-S. (2005). Effects of aerial
insecticide sprays on ant communities to control pine wilt disease in Korean
pine forests. Appl. Entomol. Zool. 40, 563-574. doi: 10.1303/aez.2005.563

Kwon, H. R, Choi, G. J., Choi, Y. H,, Jang, K. S., Sung, N. D, Kang, M. S,, et al.
(2010). Suppression of pine wilt disease by an antibacterial agent, oxolinic acid.
Pest Manage. Sci. 66, 634-639. doi: 10.1002/ps.1920

Lee, I. H., Han, H,, Koh, Y. H,, Kim, I. S,, Lee, S.-W., and Shim, D. (2019).
Comparative transcriptome analysis of Pinus densiflora following inoculation
with pathogenic (Bursaphelenchus xylophilus) or non-pathogenic nematodes
(B. thailandae). Sci. Rep. 9, 1-11. doi: 10.1038/s41598-019-48660-w

Li, X.-J., Zhang, Q., Zhang, A.-L., and Gao, J.-M. (2012). Metabolites from
Aspergillus fumigatus, an endophytic fungus associated with Melia
azedarach, and their antifungal, antifeedant, and toxic activities. J. Agric.
Food Chem. 60, 3424-3431. doi: 10.1021/jf300146n

Lipke, H., Fraenkel, G., and Liener, I. E. (1954). Growth inhibitors. Effect of
soybean inhibitors on growth of Tribolium confusum. J. Agr. Food Chem. 2,
410-414. doi: 10.1021/jf60028a003

Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data
using real-time quantitative PCR and the 2~ **“T method. Methods 25, 402~
408. doi: 10.1006/meth.2001.1262

Macehara, N., and Futai, K. (2000). Population changes of the pinewood namatode,
Bursaphelenchus xylophilus (Nematoda: Aphelenchoididae), on fungi growing
in pine-branch segments. Appl. Entomol. Zool. 35, 413-417. doi: 10.1303/
2ez.2000.413

Mamiya, Y., and Enda, N. (1972). Transmission of Bursaphelenchus lignicolus
(Nematoda: Aphelenchoididae) by Monochamus alternatus (Coleoptera:
Cerambycidae). Nematologica 18, 159-162. doi: 10.1163/187529272X00395

Mota, M. M,, Braasch, H., Bravo, M. A,, Penas, A. C., Burgermeister, W., Metge,
K., et al. (1999). First report of Bursaphelenchus xylophilus in Portugal and in
Europe. Nematology 1, 727-734. doi: 10.1163/156854199508757.

Myers, R. F. (1988). Pathogenesis in pine wilt caused by pinewood nematode,
Bursaphelenchus xylophilus. J. Nematol. 20, 236-244.

Narusaka, M., Abe, H., Kobayashi, M., Kubo, Y., Kawai, K., Izawa, N., et al. (2006).
A model system to screen for candidate plant activators using an immune-
induction system in Arabidopsis. Plant Biotech. 23, 321-327. doi: 10.5511/
plantbiotechnology.23.321

Niu, D.-D,, Liu, H.-X,, Jiang, C.-H., Wang, Y.-P., Wang, Q.-Y,, Jin, H.-L., et al.
(2011). The plant growth-promoting rhizobacterium Bacillus cereus AR156
induces systemic resistance in Arabidopsis thaliana by simultaneously
activating salicylate-and jasmonate/ethylene-dependent signaling pathways.
Mol. Plant Microbe In. 24, 533-542. doi: 10.1094/MPMI-09-10-0213

Niu, D., Wang, X., Wang, Y., Song, X., Wang, J., Guo, J., et al. (2016). Bacillus
cereus AR156 activates PAMP-triggered immunity and induces a systemic
acquired resistance through a NPRI-and SA-dependent signaling pathway.
Biochem. Bioph. Res. Co. 469, 120-125. doi: 10.1016/j.bbrc.2015.11.081

Noh, S. W, Seo, R,, Park, J.-K., Manir, M. M., Park, K., Sang, M. K,, et al. (2017).
Cyclic dipeptides from Bacillus vallismortis BS07 require key components of
plant immunity to induce disease resistance in Arabidopsis against
Pseudomonas Infection. Plant Pathol. ]J. 33, 402-409. doi: 10.5423/
PPJ.OA.11.2016.0255

Nose, M., and Shiraishi, S. (2008). “Breeding for resistance to pine wilt disease,” in
Pine wilt disease (Tokyo, Japan: Springer). 334-350.

Ogura, R, Matsuo, N., Wako, N,, Tanaka, T., Ono, S., and Hiratsuka, K. (2005). Multi-
color luciferases as reporters for monitoring transient gene expression in higher
plants. Plant Biotech. 22, 151-155. doi: 10.5511/plantbiotechnology.22.151

Ono, S., Tanaka, T., Watakabe, Y., and Hiratsuka, K. (2004). Transient assay
system for the analysis of PR-1a gene promoter in tobacco BY-2 cells. Biosci.
Biotechnol. Biochem. 68, 803-807. doi: 10.1271/bbb.68.803

Pieterse, C. M., Leon-Reyes, A., Van der Ent, S., and Van Wees, S. C. (2009).
Networking by small-molecule hormones in plant immunity. Nat. Chem. Biol.
5, 308-316. doi: 10.1038/nchembio.164

Proenga, D. N, Francisco, R., Santos, C. V., Lopes, A., Fonseca, L., Abrantes, I. M.,
et al. (2010). Diversity of bacteria associated with Bursaphelenchus xylophilus
and other nematodes isolated from Pinus pinaster trees with pine wilt disease.
PloS One 5, e15191-e15151. doi: 10.1371/journal.pone.0015191

Rohrbach, K. G., and Apt, W. J. (1986). Nematode and disease problems of
pineapple. Plant Dis. 70, 81-87. doi: 10.1094/PD-70-81

Schneider-Orelli, O. (1947). Entomologisches praktikum: Einfiihrung in die land-und
forstwirtschaftliche Insektenkunde (Verlag Sauerlinder Switzerland: Aarau).

Shen, Y., Zou, J., Xie, D., Ge, H., Cao, X, and Dai, J. (2012). Butyrolactone and
cycloheptanetrione from mangrove-associated fungus Aspergillus terreus.
Chem. Pharm. Bull. 60, 1437-1441. doi: 10.1248/cpb.c12-00616

Shigemori, H., Tenma, M., Shimazaki, K., and Kobayashi, J. I. (1998). Three new
metabolites from the marine yeast Aureobasidium pullulans. J. Nat. Prod. 61,
696-698. doi: 10.1021/np980011u

Song, G. C., Choi, H. K., Kim, Y. S, Choi, J. S., and Ryu, C.-M. (2017). Seed defense
biopriming with bacterial cyclodipeptides triggers immunity in cucumber and
pepper. Sci. Rep. 7, 1-15. doi: 10.1038/s41598-017-14155-9

Toth, A. (2011). Bursaphelenchus xylophilus, the pinewood nematode: its
significance and a historical review. Acta Biol. Szeged. 55, 213-217.

Takai, K., Suzuki, T., and Kawazu, K. (2003). Development and preventative effect
against pine wilt disease of a novel liquid formulation of emamectin benzoate.
Pest Manage. Sci. 59, 365-370. doi: 10.1002/ps.651

Tamura, K., Stecher, G., Peterson, D., Filipski, A., and Kumar, S. (2013). MEGAG6:
molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 30, 2725~
2729. doi: 10.1093/molbev/mst197

Vallad, G. E,, and Goodman, R. M. (2004). Systemic acquired resistance and
induced systemic resistance in conventional agriculture. Crop Sci. 44, 1920-
1934. doi: 10.2135/cropsci2004.1920

Van Loon, L., Bakker, P., and Pieterse, C. (1998). Systemic resistance induced by
rhizosphere bacteria. Annu. Rev. Phytopathol. 36, 453-483. doi: 10.1146/
annurev.phyto.36.1.453

Yan, P.-S,, Song, Y., Sakuno, E., Nakajima, H., Nakagawa, H., and Yabe, K. (2004).
Cyclo (L-leucyl-L-prolyl) produced by Achromobacter xylosoxidans inhibits
aflatoxin production by Aspergillus parasiticus. Appl. Environ. Microbiol. 70,
7466-7473. doi: 10.1128/AEM.70.12.7466-7473.2004

Yano, S. (1913). Investigation on pine death in Nagasaki prefecture. Sanrin-
Kouhou 4, 1-14.

Yi, C. K, Byun, B. H,, Park, J. D., Yang, S., and Chang, K. H. (1989). First finding of
the pine wood nematode, Bursaphelenchus xylophilus (Steiner et Buhrer)
Nickle and its insect vector in Korea. Res. Rep. For. Res. Ins. Seoul 38, 141-149.

Zhang, Q.-Q., Chen, L., Hu, X,, Gong, M.-W., Zhang, W.-W., Zheng, Q.-H,, et al.
(2014). Novel cytotoxic metabolites from the marine-derived fungus Trichoderma
citrinoviride. Heterocycles 89, 189-196. doi: 10.3987/COM-13-12874

Contflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Park, Jeong, Jeon, Kim, Kim, Ha, Mannaa, Kim, Lee, Min, Seo and
Kim. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s) are
credited and that the original publication in this journal is cited, in accordance with
accepted academic practice. No use, distribution or reproduction is permitted which
does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org

July 2020 | Volume 11 | Article 1023


https://doi.org/10.1042/BJ20042042
https://doi.org/10.1094/MPMI-19-0280
https://doi.org/10.1023/A:1011954828685
https://doi.org/10.1303/aez.2005.563
https://doi.org/10.1002/ps.1920
https://doi.org/10.1038/s41598-019-48660-w
https://doi.org/10.1021/jf300146n
https://doi.org/10.1021/jf60028a003
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1303/aez.2000.413
https://doi.org/10.1303/aez.2000.413
https://doi.org/10.1163/187529272X00395
https://doi.org/10.1163/156854199508757.
https://doi.org/10.5511/plantbiotechnology.23.321
https://doi.org/10.5511/plantbiotechnology.23.321
https://doi.org/10.1094/MPMI-09-10-0213
https://doi.org/10.1016/j.bbrc.2015.11.081
https://doi.org/10.5423/PPJ.OA.11.2016.0255
https://doi.org/10.5423/PPJ.OA.11.2016.0255
https://doi.org/10.5511/plantbiotechnology.22.151
https://doi.org/10.1271/bbb.68.803
https://doi.org/10.1038/nchembio.164
https://doi.org/10.1371/journal.pone.0015191
https://doi.org/10.1094/PD-70-81
https://doi.org/10.1248/cpb.c12-00616
https://doi.org/10.1021/np980011u
https://doi.org/10.1038/s41598-017-14155-9
https://doi.org/10.1002/ps.651
https://doi.org/10.1093/molbev/mst197
https://doi.org/10.2135/cropsci2004.1920
https://doi.org/10.1146/annurev.phyto.36.1.453
https://doi.org/10.1146/annurev.phyto.36.1.453
https://doi.org/10.1128/AEM.70.12.7466-7473.2004
https://doi.org/10.3987/COM-13-12874
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

',\' frontiers
in Microbiology

REVIEW
published: 14 July 2020
doi: 10.3389/fmicb.2020.01619

OPEN ACCESS

Edited by:
loannis Stringlis,
Utrecht University, Netherlands

Reviewed by:

Matthew Agler,

Friedrich-Schiller University of Jena,
Germany

Massimiliano Morelli,

Institute for Sustainable Plant
Protection (CNR), Italy

*Correspondence:
Sarah Lebeer
sarah.lebeer@uantwerpen.be

Specialty section:

This article was submitted to
Microbe and Virus Interactions with
Plants,

a section of the journal

Frontiers in Microbiology

Received: 19 March 2020
Accepted: 22 June 2020
Published: 14 July 2020

Citation:

Legein M, Smets W,

Vandenheuvel D, Eilers T,

Muyshondt B, Prinsen E, Samson R
and Lebeer S (2020) Modes of Action
of Microbial Biocontrol

in the Phyllosphere.

Front. Microbiol. 11:1619.

doi: 10.3389/fmicb.2020.01619

Check for
updates

Modes of Action of Microbial
Biocontrol in the Phyllosphere

Marie Legein’, Wenke Smets'2, Dieter Vandenheuvel’, Tom Eilers’,
Babette Muyshondt’, Els Prinsen3, Roeland Samson’ and Sarah Lebeer'*

! Environmental Ecology and Applied Microbiology, Department of Bioscience Engineering, University of Antwerp, Antwerp,
Belgium, ? Department of Plant and Microbial Biology, University of California, Berkeley, Berkeley, CA, United States,

3 Laboratory for Integrated Molecular Plant Physiology Research, Department of Biology, University of Antwerp, Antwerp,
Belgium

A fast-growing field of research focuses on microbial biocontrol in the phyllosphere.
Phyllosphere microorganisms possess a wide range of adaptation and biocontrol
factors, which allow them to adapt to the phyllosphere environment and inhibit
the growth of microbial pathogens, thus sustaining plant health. These biocontrol
factors can be categorized in direct, microbe-microbe, and indirect, host-microbe,
interactions. This review gives an overview of the modes of action of microbial
adaptation and biocontrol in the phyllosphere, the genetic basis of the mechanisms,
and examples of experiments that can detect these mechanisms in laboratory and field
experiments. Detailed insights in such mechanisms are key for the rational design of
novel microbial biocontrol strategies and increase crop protection and production. Such
novel biocontrol strategies are much needed, as ensuring sufficient and consistent food
production for a growing world population, while protecting our environment, is one of
the biggest challenges of our time.
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INTRODUCTION

Pathogens and pests cause between 20% and 30% of global crop yield losses (Savary et al,
2019). To ensure a sufficient and consistent yield we depend on chemical crop protection and
growth-promoting products such as pesticides, herbicides, and fertilizers. Many of these chemical
products pose a threat to human health and the environment, which fuels a demand for safer
products (Nishimoto, 2019). A promising alternative is the use of microbial based products that
can protect crops against diseases. Such microbial products are classified under biological control
agents, defined as “a natural enemy, antagonist, or other organism, used for pest control” (ISPM
05, International Standards for Phytosanitary Measures). Although biocontrol is a broad term,
including eukaryotic biocontrol agents such as yeasts, fungi, beneficial insects, and other non-
microbial pests, in this review we focus on bacterial biocontrol agents. We will use the term
biocontrol agent defined similarly as probiotics, “live microorganisms which when administered in
adequate amounts confer a health benefit on the host” (Hill et al., 2014). We use this interpretation
of a biocontrol agent because it does not only focus on antagonizing the pathogen, but also on
improving plant health. Moreover, this definition allows to draw parallels between probiotic and
biocontrol research. We will focus on the mechanisms of bacterial biocontrol agents targeting
microbial pathogens.
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Antipathogenic Mechanisms

The phyllosphere, the above-ground surface of plants, is
a complex ecosystem where microorganisms and the host
plant interact extensively to create specific, yet dynamic,
communities. Microbial communities inhabit both the external
surfaces (epiphytes) as the internal spaces (endophytes) and
these communities play an important role in protecting the
plant against diseases. Pathogens often have an epiphytic phase
before entering the plant cell or the apoplast (intercellular space)
(Pfeilmeier et al., 2016). In this review, we focus on external leaf
applications of biocontrol agents, unless otherwise specified.

In analogy to a successful probiotic micro-organism, a
successful biocontrol agent needs both specific adaptations that
allow survival in the phyllosphere habitat (adaptation factors), as
well as factors that contribute to the health of the host plant, by
inhibiting the pathogen (probiotic or biocontrol factors) (Lebeer
et al., 2008). To exert their beneficial properties, biocontrol
agents need to be adapted to abiotic environmental factors
as well as biotic host-specific factors. A general overview of
environmental adaptation factors for the phyllosphere can be
found in a review by Vorholt (2012). Adaptation factors are
often overlooked in biocontrol research. However, low efficacy
of biocontrol agents in field studies is often due to a lack of
adaptation rather than a lack of biocontrol factors (Zeriouh et al.,
2014; Salvatierra-Martinez et al., 2018). Moreover, a successful
biocontrol agent needs a variety of adaptation and biocontrol
factors to inhibit a pathogen and improve plant health (Kohl
et al,, 2019). Biocontrol factors can be related to direct or
indirect microbial interactions (Figure 1). Direct interactions
occur between the pathogen and the biocontrol agent. Indirect
interactions are the interactions between the biocontrol agent
and the host plant which improvesthe plant’s fitness, like its
resistance to the disease. In this review, we will give an overview
of direct and indirect biocontrol and adaptation mechanisms
relevant for biocontrol in the phyllosphere. Furthermore, we will
describe these mechanisms and the genetic basis in detail, and
indicate whether these mechanisms have been validated in the
field, in vitro or in greenhouse experiments. An overview of
biocontrol and adaptation factors discussed in the text is given
in Table 1.

THE PHYLLOSPHERE MICROBIAL
HABITAT

The phyllosphere is inhabited by a complex and dynamic
community. The composition of this community depends on
which microbes reach the phyllosphere in addition to abiotic
factors such as climate, season and surrounding land use, and
biotic factors such as leaf characteristics and host plant species
(Maignien et al., 2014; Agler et al., 2016; Laforest-Lapointe et al.,
2016; Smets et al., 2016). Microbes arrive on the phyllosphere
rather stochastically via the air, soil, rain or insects. However,
only selected taxa successfully colonize the phyllosphere
(Maignien et al, 2014). Frequently occurring genera in
phyllosphere communities are Methylobacterium, Sphingomonas,
and Pseudomonas (Delmotte et al., 2009; Vorholt, 2012). These
common phyllosphere bacteria possess specific adaptation factors

to the phyllosphere. For example, Methylobacterium spp. have
adapted to the low-nutrient environment by metabolizing
single-carbon compounds such as methanol (Kutschera, 2007).
Sphingomonas spp. cope with the scarcity of nutrients by being
able to metabolize a wide range of carbon sources (Delmotte
et al.,, 2009). Pseudomonas spp. use flagellar motility to reach
more favorable sites (Haefele and Lindow, 1987), synthesize the
biosurfactant syringafactin to increase the water availability on
leaf surfaces (Hernandez and Lindow, 2019), and use effectors to
leak water from the cells into the apoplast (Xin et al., 2016).

DIRECT INTERACTIONS

Antibiotic Metabolites and Binary

Inhibitory Interactions
A key first step in the identification of novel biocontrol agents
is the screening of antagonistic activities. Such screenings are
increasingly applied at a larger scale. For example, Helfrich
et al. (2018) recently screened more than 200 leaf isolates
from Arabidopsis thaliana for binary inhibitory interactions,
novel antagonistic strains and interesting metabolites. Most of
these strains (88%) engaged in such inhibitory interactions.
The orders Bacillales and Pseudomonadales were especially
strong inhibitors, making up only 8% of the tested isolates
but engaging in over 60% of the observed inhibitions. Most
of the inhibitions also took place between distinct phylogenetic
groups rather than within the same family or genus. Genome
analysis using the antiSMASH tool (Blin et al., 2019) revealed
that many of the inhibitory strains contained more biosynthetic
gene clusters than average. These clusters can encode for
metabolites with inhibitory effects. The top inhibitor of the
collection, Brevibacillus sp. Leafl82, was shown to produce
several non-ribosomal peptides with antimicrobial activity, such
as marthiapeptide A (an anti-infective and cytotoxic polythiazole
cyclopeptide previously isolated from deep-sea Marinactinospora
thermotolerans), streptocidin D (a cyclic decapeptide antibiotic
from the tyrocidine family, named after tyrothricin, the first
commercially available antibiotic containing tyrocidine and
gramicidin), and an unusual lysophospholipid (a bioactive
molecule that possesses a large polar or charged head and a
single hydrophobic carbon chain), which was active against
Gram-negative bacteria. Previously, biocontrol activity by a
Brevibacillus brevis strain against Botrytis cinerea had been
observed in the phyllosphere of Chinese cabbage (Edwards and
Seddon, 2001). This strain produces the antibiotic gramicidin §,
another cyclic antibiotic non-ribosomal decapeptide and major
constituent of tyrothricin. Comparison of biocontrol activity with
an antibiotic-negative mutant and pure gramicidin S showed that
gramicidin S was the mechanism behind the observed biocontrol.
The Pseudomonas genus is frequently found in the
phyllosphere in relatively high abundances (Delmotte et al,
2009; Maignien et al., 2014). The Pseudomonas genus includes
several commercialized biocontrol strains, such as Pseudomonas
chlororaphis MA342 and Pseudomonas sp. DSMZ 13134.
However, also several plant pathogens belong to this genus,
such as the model phyllosphere pathogen Pseudomonas syringae
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TABLE 1 | Overview of several known mechanisms by which phyllosphere microbes can inhibit pathogen growth.

In vitro screening In silico screening Compound Mechanism/specific activity Identified in References BC A
1.1 Antibiotic metabolites
Binary inhibitory interactions, Screening for biosynthetic gene Antimicrobial secondary Various Various species Helfrich et al., 2018 X
purification and identification of  clusters using the antiSMASH ~ metabolites
compounds in supernatant tool
srfAC, srfAD Lipopeptide, surfactin Triggers biofilm formation Bacillus spp. Chen et al., 2007; X
Ongena and Jacques,
2008; Dunlap et al.,
2013; Kim et al., 2015
fenF, mycABC Lipopeptide, iturin Interferes with lipid layers Bacillus spp. Chen et al., 2007; X
Ongena and Jacques,
2008; Dunlap et al.,
2013; Kim et al., 2015
ppsABCDE Lipopeptide, fengycin Interferes with lipid layers Bacillus spp. Chen et al., 2007; X
Ongena and Jacques,
2008; Dunlap et al.,
2013; Kim et al., 2015
phz gene cluster, ehp gene Phenazine Interferes with histone acetylation Pseudomonas spp., Pantoea Giddens et al., 2002; X X
cluster and biofilm formation spp. Chin-A-Woeng et al.,
2003
ddaA-| Herbicolin | Pantoea vagans C9-1 Kamber et al., 2012 X
1.2 Hydrolytic enzymes
Zymogram, or specific chiA, chiB, chiC or other genes  Hydrolytic enzymes: e.g., Hydrolyses fungal cell wall Bacillus subtilis Essghaier et al., 2012 X
colorimetric assays encoding for glycosyl chitinase
hydrolases from family 18 or 19
in the CAZy database
msp1 (p75) Bifunctional peptidoglycan Inhibits hyphae formation Lactobacillus casei group Allonsius et al., 2019 X
hydrolase/chitinase species
1.3 Quorum quenching and
sensing
nis gene cluster (nisin), spa Signalling molecules. Some gr-  Quorum sensing Nisin in lactococcus lactis and  Kleerebezem, 2004 X
gene cluster (subtilin), Juxl and  bacteria use bacteriocins (nisin subtilin in Bacillus subtilis
luxR (AHLs) and subtilin) that also have a
signalling function
Screening of bacteria interfering carAB (degradation signaling Enzymes involved in Quorum guenching Bacillus, Paenibacillus, Newman et al., 2008; X
with the transcription of a molecule of Xylella fastidiosa), ~ degradation signalling factors Microbacterium, Morohoshi et al., 2009;
reporter gene, induced by the  aiilA (AHL lactonase) Staphylococcus, and Alymanesh et al., 2016
signalling molecule of interest Pseudomonas
1.4 Competition for nutrients and space
Carbon source profiling and Genes related in carbohydrate  Enzymes ensuring flexible Increased competitiveness in a Sphingomonas spp. Delmotte et al., 2009 X X
calculation of NOI metabolism (e.g., glycosyl carbohydrate metabolism, e.g., carbon limited environment
hydrolases), or transport (e.g.,  high diversity of TonB receptors
Tonb receptors), using the
CAZy database
(Continued)
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TABLE 1 | Continued

In vitro screening In silico screening Compound Mechanism/specific activity Identified in References BC
Selective media with methanol ~ mxaF Conserved enzyme responsible  Methylotrophy, increased Methylobacterium spp. Mcdonald and Murrell,
as sole carbon source for methanol dehydrogenase adaptability in a carbon limited 1997
environment
1.5 Siderophores
Plate assay with indicator for Screening for siderophore gene  Siderophores Primary function is iron chelation. Pseudomonas protegens CS1 ~ Burbank et al., 2015; X
detection of siderophores clusters, using antiSMASH Siderophores can also have Santos Kron et al.,
(Chrome azurol S assay) antibacterial properties trough the 2020
production of ROS and play a role
in motility on the phyllosphere
2.1 Modulation plant
hormone levels
Colorimetric assays iac gene cluster Enzymes responsible for the IAAis used as an energy source Pseudomonas putida 1290 Leveau and Gerards, X?
degradation of indole-3-acetic ~ and modulation of IAA levels 2008
acid (IAA) induces physiological changes in
the plant
HPLC analysis of extracts of ipdC/aldH or dcc/aldH or Enzymes involved in the Modulation of IAA levels can P, agglomerans Brand! et al., 2001; X?
the supernatant iaaMiaaH or nthA production of IAA, several enhance plant growth, enhanced Duca et al., 2014; de
pathways possible, described  protection against pathogens has Souza et al., 2019
in text not been demonstrated so far
Cultivation with acdS or accD Enzymes responsible for 1-aminocyclopropane-1- Methylobacterium spp., Chinnadurai et al., X?
1-aminocyclopropane-1 lowering ethylene levels carboxylate deaminase, modulation R. fascians 2009; Francis et al.,
carboxylate as nitrogen source of ethylene levels induces 2016
and by measuring production physiological changes in the plant.
a-ketobutyrate (end-product) Enhanced protection against
spectrophotometrically pathogens has not been
demonstrated so far
HPLC analysis of extracts of fas4 or IPT Enzymes responsible for Isopentenyl transferase, modulation  Methylobacterium spp., Madhaiyan et al., 2006; X?
the supernatant production cytokinins of cytokinins levels induces R. fascians Francis et al., 2016;
physiological changes in the plant. Jorge et al., 2019
Enhanced protection against
pathogens has not been
demonstrated so far
2.2 Induced systemic
response
Transcriptomics of the host Creation of a MAMP database, MAMPs that trigger an immune Detection results in immune Sphingomonas melonis fr1 Ryffel et al., 2016; X
plant compare between beneficial response, that increases response Vogel et al., 2016
and pathogenic microbes protection against pathogens
Transcriptomics of the host Creation of an effector effectors that trigger an immune  Detection results in immune Pseudomonas spp., Stringlis et al., 2019; X

plant

database, screening for type Ill
secretion system gene clusters

response, that increases
protection against pathogens

response

Parabulkholderia sp.

Herpell et al., 2020

The table includes (i) information on in vitro assays to test for the presence of these mechanisms, (i) known genes involved in these mechanisms (in silico screening), (i) the compound and (iv) the mechanism resulting
in antipathogenic activity, (v) microbes in which the mechanism has been identified, (vi) references and the last two columns indicate whether the mechanism is (vii) a biocontrol factor (BC) and/or (viij) an adaptation

factor (A). The screening methods, strains and references are not exhaustive but rather examples, which are also discussed in the text. The table follows the same structure as the review.
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Many biocontrol factors are also adaptation factors, and vice versa

FIGURE 1 | Overview of mechanisms described in this review. A successful biocontrol agent possesses biocontrol factors as well as adaptation factors. Biocontrol
factors can be divided in direct and indirect interactions. Direct interactions are interactions directly between biocontrol agent (blue rod) and pathogen (red rod).
Indirect interactions are interactions between biocontrol agent and host plant that lead to an enhanced immunity of the host plant against pathogen infection.
Adaptation factors are factors that are required to adapt to the specific phyllosphere conditions, such as high levels of UV stress, low availability of water and
nutrients and responses from the host immune system. Finally, adaptation factors are often biocontrol factors and vice versa, this is further explained in the text.

pv. tomato DC3000 (Innerebner et al., 2011). Biocontrol
Pseudomonas strains have been observed to directly inhibit
the growth of a wide variety of pathogens (such as P. syringae
and B. cinerea) in lab and in field experiments (Volksch
and May, 2001; Romero et al., 2016; Simionato et al., 2017).
Biocontrol activity of Pseudomonas spp. is often attributed to
the production of phenazines, a group of heterocyclic nitrogen-
containing secondary metabolites (Chin-A-Woeng et al., 2003).
Biosynthesis in Pseudomonas spp. is encoded by the phz gene
cluster. Phenazines inhibit the growth of a variety of fungal
pathogens, such as B. cinerea and Fusarium oxysporum [a more
detailed overview is given in Chin-A-Woeng et al. (2003)]. The
antifungal mode of action of phenazines is multifaceted. For
example, Chen et al. (2018) demonstrated that phenazines inhibit
mycelial growth of Fusarium graminearum by interference with
fungal histone acetylation, and are involved in the formation of a
bacterial biofilm on the hyphae, further decreasing pathogenicity.
Biofilm formation on fungal hyphae is a widespread trait in soil
bacteria (Guennoc et al., 2018). More studies are needed to
determine how frequent this occurs in the phyllosphere. Next to
phenazines, many other potential biocontrol metabolites have
been identified in Pseudomonas spp. such as siderophores (see
section “Siderophores”), 4-hydroxy-2-alkylquinolines (Yasmin
et al, 2017), volatile compounds such as cyanide and other
volatile organic compounds (Bailly and Weisskopf, 2017), and
cyclic lipopeptides (non-ribosomal peptides) and rhamnolipids

(glycolipids synthesized in a three-step biosynthetic pathway
including rhIABC enzymes) (Nielsen et al., 2006; Strano et al,,
2017; Yasmin et al., 2017). Rhamnolipids are effective against
zoosporic root-infecting pathogens such as Phytium and
Phytotophtera spp. Furthermore, spraying purified rhamnolipids
on leaves of Arabidopsis triggers an immune response in the host
characterized by the accumulation of signaling molecules and
defense genes (Sanchez et al., 2012) (this is an indirect biocontrol
mechanism and is further discussed in the section “Plant
Hormones”). Interestingly, cyclic lipopeptides and rhamnolipids
are also biosurfactants. Biosurfactants generally improve surface
motility, biofilm formation and colonization of plant surfaces.
Therefore, these adaptation factors could play an important role
in the effectiveness of Pseudomonas biocontrol agents. Although,
to our knowledge, the importance of rhamnolipids in adaptation,
has not yet been investigated in the phyllosphere. Recently,
Santos Kron et al. (2020) investigated the role of three antibiotic
compounds in the antagonism by Pseudomonas orientalis F9
via experiments with mutants deficient in the production of
the siderophore pyoverdine (also see section “Siderophores”),
safracin (a tetrahydroisoquinoline alkaloid) and phenazine.
In vitro double-layer assays showed antagonism against Erwinia
amylovora and three P. syringae pathovars by the parental
strain P. orientalis F9 and surprisingly also by the pyoverdine
and phenazine deficient mutants. Only the mutant deficient
in safracin production did not inhibit the pathogens. This
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indicates that safracin rather than pyoverdine and phenazine was
causing the in vitro antagonism. In contrast, all mutants were
able to inhibit the pathogen Pythium ultimum, in vivo in a soil
microcosm and E. amylovora, in vitro in a detached blossom
assay. These unexpected results indicate that the biocontrol
mechanism of P. orientalis is versatile and that other mechanisms
could play a role in the observed biocontrol. Recently, Bernal
et al. (2017) described the use of a type VI secretion system for
the secretion of the Rhs effector Tke2 in Pseudomonas putida.
The secretion of this effector was shown to be responsible for
inhibiting P. syringae, Xanthomonas campestris, Pectobacterium
carotovorum, and Agrobacterium tumefaciens in vitro, as well
as reducing colonization of X. campestris and reducing disease
symptoms on Nicotiana benthamiana leaves. Furthermore,
Chen et al. (2016) described the secretion of the antimicrobial
siderophore pyoverdine by a type VI secretion system, which
inhibits Xanthomonas oryzae pv. oryzae (see also section
“Siderophores”). Many Pseudomonas spp., both pathogenic as
non-pathogenic, as well as other Gram-negative phyllosphere
bacteria, harbor type VI secretion systems, suggesting that these
are an adaptation factor (Bernal et al., 2018).

Less frequent inhabitants of the phyllosphere, but often used
in commercial biocontrol products, are Bacillus spp. (Ongena
and Jacques, 2008). Bacilli isolated from the phyllosphere
often engage in inhibitory interactions with other microbial
competitors (Helfrich et al, 2018) and their ability to form
resistant endospores facilitates their formulation and shelf life
(Ongena and Jacques, 2008). Bacillus subtilis and Bacillus
amyloliquefaciens are the two most described biocontrol agents
in this genus thus far. B. subtilis strains inhibit a wide range of
pathogens, both fungal and bacterial, such as F. graminearum
(Wang et al.,, 2007), B. cinerea (On et al., 2015), Alternaria spp.
(Ali et al, 2016), X. campestris, and P. carotovorum (Zeriouh
et al, 2011). The antipathogenic activity of bacilli has mainly
been attributed to the synthesis of non-ribosomal peptides and
polyketides (Ongena and Jacques, 2008; Chen et al., 2009). The
three classes of non-ribosomal lipopeptides, surfactin, iturin,
and fengycin, often act in a synergistic manner. Interestingly,
surfactins produced by B. subtilis do not appear to play a role in
the antipathogenic activity in vitro, whereas they are necessary
for biocontrol in planta (Zeriouh et al., 2014). Surfactins trigger
biofilm formation, allowing B. subtilis to successfully colonize
the phyllosphere in sufficient numbers and to manage the
release of antimicrobial compounds. Therefore, surfactins are
rather adaptation factors than biocontrol factors. Wei et al.
(2016) confirmed that B. subtilis QST 713, which is used in
commercial products, was able to colonize the leaf surface in
sufficient numbers. However, despite successful colonization of
the phyllosphere, difficulty to colonize new leaves (i.e., dispersal),
limited the biocontrol potential of this product. Fengycins and
iturins are mostly active against filamentous fungi, by interfering
with the lipid layers and altering cell membrane structures
(Ongena et al., 2007), but also against the Gram-negative
pathogens X. campestris pv. cucurbitae and P. carotovorum subsp.
carotovorum (Zeriouh et al., 2011). B. amyloliquefaciens strains
have been proven to be successful biocontrol agents in the field
for a wide range of pathogens, such as Sclerotinia sclerotiorum

causing canola stem rot (Fernando et al., 2007), and fusarium
head blight on durum wheat (Schisler et al., 2002). Salvatierra-
Martinez et al. (2018) described biocontrol activity of two
B. amyloliquefaciens strains against B. cinerea on tomato plants.
These two trains had similar antagonistic effect in vitro, while
strain BBC047 showed better results in planta. BBC047 was also
able to produce a robust biofilm and maintain higher population
density over time on the plants. Therefore, it is assumed that
adaptation factors explain why strain BBC047 is a more effective
biocontrol agent. The genomes of biocontrol B. amyloliquefaciens
strains contain several gene clusters encoding for the three
lipopeptides surfactin, iturin and fengycin, and polyketide
compounds, such as bacillaene, macrolactin and difficidin (Chen
et al., 2007; Dunlap et al., 2013; Kim et al., 2015). A clear
overview of the secondary metabolite synthetase gene clusters in
the genome of B. amyloliquefaciens AS 43.3 is given in Dunlap
et al. (2013). Chen et al. (2009) demonstrated that in the mix
of these antimicrobial metabolites, the polyketide difficidin and
the dipeptide bacilysin, are most important for biocontrol against
E. amylovora on apple blossoms. This was proven in planta
by applying three mutants of the commercial strain FZB42 on
detached apple blossoms, one mutant deficient in production
of difficidin, the second unable to synthesize non-ribosomal
lipopeptides and polyketides, and a third double mutant deficient
in polyketide and bacilysin synthesis. Similarly, Wu et al. (2015)
also show the role of difficidin and bacilysin from strain FZB42
in the antagonistic mechanism against X. oryzae pv. oryzae
and X. oryzae pv. oryzicola. Moreover, microscopic techniques
revealed that difficidin and bacilysin cause changes in the cell wall
of Xanthomonas spp.

The genus Pantoea contains several plant pathogens, as well
as biocontrol agents effective against a range of pathogens
such as B. cinerea, X. campestris, and, the most extensively
studied, E. amylovora [as reviewed by Walterson and Stavrinides
(2015)]. Several antibiotics, such as pantocins (Smits et al., 2019),
herbicolins (Kamber et al., 2012), and phenazines (Giddens et al.,
2003), have been identified to play a role in the inhibition of
E. amylovora. Stockwell et al. (2002) compared biological control
of E. amylovora in field conditions by Pantoea agglomerans (syn.
Erwinia herbicola) Eh252, known to produce only one antibiotic,
and by its near-isogenic derivative, strain 10:12. Strain 10:12
is deficient in the production of mccEh252, involved in the
synthesis of microcin C7. Strain Eh252 reduced the incidence of
fire blight more effectively then 10:12. However, the mutant strain
still protected the plants more effectively than a mock treatment,
indicating that other mechanisms also contribute to biocontrol.
The antibiotic herbicolin I was identified and characterized in
Pantoea vagans C9-1 via the construction of a mutant library
(Kamber et al., 2012). The herbicolin I biosynthetic gene cluster
responsible ddaA-1 is located on the plasmid pPag2. Remarkably,
this cluster was not detected in many other biocontrol strains.
Using a similar approach, another antibiotic gene cluster, PNP-
1 was identified in Pantoea ananatis BFT175, also effective
against E. amylovora (Walterson et al., 2014). The PNP-1 cluster
shows similarities to a gene cluster encoding for phenazine
in Pseudomonas chloraphis. Previously, the ehp gene cluster
encoding for phenazine synthesis had been identified in the
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genome of P. agglomerans Eh1087 (Giddens et al, 2002).
However, the PNP-1 gene cluster was not found in other Pantoea
spp. indicating again the diversity of antibiotics in this genus.

Formulating antimicrobial metabolites into a plant protection
product, without the living microorganism could result in a
more convenient and cheaper product. Furthermore, the problem
of limited biocontrol activity due to a low survival rate of the
biocontrol agent would be solved. The formulation of a product
with live bacteria is challenging, the drying process needs to be
optimized to ensure a long shelf life and to minimize the loss of
biocontrol activity (Broeckx et al., 2016). However, the use of live
microorganisms does have advantages too. Firstly, the persistence
of the metabolite in the environment. Antimicrobial metabolites
can degrade rapidly in field conditions and would require
frequent applications, while applying a living organism might
need fewer. Secondly, antagonists are likely to acquire resistance
toward a frequently applied metabolite. Live microorganisms
and even consortia of live microorganisms have the advantage
of producing various active molecules and thus reducing the
chance of resistance. Finally, live microorganism can improve
the health of plants not only via antimicrobial metabolites but
via other direct and indirect mechanisms, as described in the
next paragraphs.

Hydrolytic Enzymes

Production of chitinases, as well as other cell wall degrading
enzymes, such as f-1,3-glucanase, is a common defense
mechanism of plants (Boller, 1993). Microbes can also produce
chitinases, which are an important biocontrol mechanism in the
rhizosphere (reviewed by Veliz et al., 2017). Their importance
in the rhizosphere indicates the potential of further studying
the microbial chitinase activity on the phyllosphere. It has been
demonstrated that B. subtilis ]9 strain protects strawberry plants
against B. cinerea in field conditions and that this strain produces
extracellular chitinase and protease (Essghaier et al., 2012).
Recently, we observed that certain lactobacilli can inhibit hyphae
formation of fungi in vitro by producing bifunctional enzymes
with chitinase/peptidoglycan hydrolase activity (Allonsius et al.,
2019). Lactobacilli are not typical phyllosphere inhabitants, and
often have a low survival rate (Miller et al., 2019). However,
they have been shown to dominate the endosphere of Origanum
vulgare plants (Pontonio et al., 2018) and have been correlated
negatively with disease symptoms of leaf spot on cucumber
plants, presumably caused by P. syringae pv. lachrymans (Luo
et al, 2019). Next to the production of hydrolytic enzymes
by the biocontrol agents themselves, microbes can induce the
production of chitinases in the host plant, a common defense
reaction in plants. Inhibition of a pathogen by triggering a
defense reaction in the host is further discussed in section
“Indirect Interactions.”

Quorum Sensing and Quenching

Quorum sensing systems are systems by which bacteria change
their behavior once a certain concentration threshold of signaling
molecules is passed. In the phyllosphere, signaling molecules
mediate behavior that enables bacteria to survive on the leaf
surface, such as biofilm development, adhesion, motility, and

production of cell-wall-degrading enzymes. Pathogenic bacteria
use quorum sensing to measure their population size and regulate
the moment to enter the apoplast or plant cell (Pfeilmeier
et al,, 2016; Leach et al.,, 2017). Gram-negative bacteria often
use N-acyl-homoserine lactones (AHLs) as signaling molecules,
which are synthesized by AHL synthase (luxI) and detected by
a transcriptional regulator (luxR). Interestingly, AHL molecules
can also trigger a response in the host plant (Delalande et al.,
2005; Sieper et al., 2014), which is further discussed in the section
“Indirect Interactions.” Gram-positive bacteria do not make use
of AHL systems, but typically use small post-translationally
processed peptides as signal molecules or diffusible signal
factors (see further in this section). A wide variety of small
communication peptides exist, and these peptides sometimes
have other functions as well. For example, Lactococcus lactis
and B. subtilis produce the antibiotic lantipeptides nisin and
subtilin, respectively, which are also involved in quorum sensing
(Kleerebezem, 2004). Both B. subtilis (Wei et al.,, 2016) and
L. lactis (Trias et al., 2008) can survive in the phyllosphere and
even have biocontrol characteristics. However, involvement of
the bifunctional peptides nisin and subtilin in the biocontrol
activity on the phyllosphere has not been described. Therefore,
it would be interesting to investigate their role in the biocontrol
mechanism of these bacteria.

Interestingly, non-pathogenic bacteria use the same signaling
molecules as pathogens and can thereby contribute to disease
development or inhibition, depending on the way of interfering.
A shared quorum sensing system using AHL-signal molecules
was observed between the symbiotic bacteria P. agglomerans,
Erwinia toletana and Pseudomonas savastanoi pv. savastanoi, the
causative agent for knot disease in olive trees (Hosni et al., 2011).
The symbionts, or in this case opportunistic pathogens, benefit
from the niche created by disease development by the pathogen
and thus participate in its communication system. By cooperating
with the pathogen, E. toletana and P. agglomerans aggravated the
infection in the olive trees in this study (Hosni et al., 2011). In
contrast, other P. agglomerans strains showed biocontrol activity
against the pathogen P. syringae pv. tomato in tomato plants
(Morella et al., 2019), but it is at present not known whether
quorum sensing could be involved. It remains to be determined
whether actual biocontrol agents can have this effect on target and
non-target pathogens.

Next to cross-communication by producing the same
signaling molecules, bacteria can degrade each other’s signals,
also known as quorum quenching. Strains belonging to the
genera Bacillus, Paenibacillus, Microbacterium, Staphylococcus,
and Pseudomonas are able to rapidly degrade the diffusible
signal factor, cis-11-methyl-2-dodecenoic acid. This signal is
involved in the regulation of virulence of Xanthomonas spp.
and Xylella fastidiosa in a quorum-sensing AHL-independent
way (Newman et al,, 2008). In the quorum-quenching strains,
the genes carAB, involved in synthesis of carbamoylphosphate,
a precursor for pyrimidines and arginine, were identified to
be required for the rapid degradation of this diffusible signal
factor. Bacteria containing the carAB genes could reduce disease
incidence and severity of X. campestris pv. campestris in a
detached leaf assay with mustard, cabbage and turnip plants,
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and of X. fastidiosa when co-inoculated into the xylem of grape
stems. Furthermore, Wu et al. (2015) showed that difficidin and
bacilysin produced by B. amyloliquefaciens FZB42 (see section
“Antimicrobial Metabolites”) can downregulate the expression of
several virulence genes in X. oryzae, including rpfF, involved in
the production of a diffusible signal factor.

Morohoshi et al. (2009) screened 109 isolates from the potato
phyllosphere for the ability to degrade several short-chain and
long-chain AHLs, as Gram-negative pathogens use AHLs as a
signaling molecule to regulate their virulence. They screened
the isolates in vitro by using AHL biosensors, i.e., bacteria that
respond to the presence of AHLs by producing a reporter protein.
One of the enzymes involved in AHL degradation is AHL-
lactonase, encoded by the aiiA gene, initially identified in Bacillus
spp. Microbacterium testaceum strains StLB018 and StLB037
tested positive for AHL degradation and decreased disease
symptoms in potato tissue caused by P. carotovorum subsp.
carotovorum. In contrast, M. testaceurn ATCC 15829, lacking
AHL-degrading activity, did not decrease disease symptoms,
indicating that quorum quenching was the mode of action of
biocontrol. Alymanesh et al. (2016) used a similar method to
screen isolates from the phyllosphere and rhizosphere from
saffron, fig, and pomegranate, for the degradation of the AHL
3-0x0-C6-HSL. They concluded that quorum quenching is a
common trait among the isolates tested and is most often
observed in Pseudomonas spp. These Pseudomonas isolates
with strong quorum quenching activity also showed biocontrol
activity against P. carotovorum subsp. carotovorum in vitro and
on potato tubers.

Competition for Nutrients and Space
Phyllosphere bacterial community sizes are limited by low carbon
availability on the leaf surface (Mercier and Lindow, 2000).
Therefore, carbon competition will likely play an important role
in the community structure. Microcosm experiments show that
“invaders,” such as introduced biocontrol agents, with a similar
metabolism as the resident species are strong competitors in
environments with a low resource availability, whereas fast-
growing species have an advantage when resource availability is
high (Yang et al., 2017).

The dominant carbohydrates available on the leaf surface are
sucrose, fructose and glucose. These sugars are specifically altered
after epiphytic leaf colonization by Sphingomonas melonis or the
pathogen P. syringae pv. tomato, but only to a minor extent
by Methylobacteria (Ryffel et al., 2016). Phyllosphere bacteria
have developed different strategies to utilize all possible carbon
sources available. Methylotrophs, such as Methylobacteria, have
specialized in the utilization of single carbon compounds, such
as methane and methanol. Therefore, they do not rely as much
on the available sugars on the phyllosphere (Kutschera, 2007).
Methylobacteria even modulate the release of methanol, which
is released as plant cells expand, by encouraging plant growth
via the production of plant hormones (see further, section
“Plant Hormones”) (Kutschera, 2007). The mxaF gene, which
contains the active site of a methanol oxidation complex, was
found to be highly conserved among methylotrophs and is an
appropriate probe to screen for methylotrophy (Mcdonald and

Murrell, 1997). Methylotrophy is thus an important adaptation
factor for some phyllosphere bacteria. However, methylotrophs
are not likely to inhibit pathogens by competing for nutrients.
Nevertheless, Methylobacteria can possess other biocontrol
mechanisms such as antimicrobial metabolites (Kwak et al., 2014)
or indirect mechanisms by triggering plant immunity (see further
in section “Plant Immunity”) (Madhaiyan et al., 2006).

Another adaptation strategy is the ability to scavenge for
a wide variety of carbon sources. The presence of a high
variety of TonB receptors in the phyllosphere proteome has
been suggested as an indication that the residing species can
metabolize a wide variety of carbon compounds (Delmotte et al.,
2009). Indeed, TonB receptors are involved in the transport
of carbohydrates, siderophores, and vitamin Bjy, in Gram-
negative bacteria (Schauer and Kutschera, 2013). Blanvillain
et al. (2007) noted that bacteria expressing a high variety of
TonB receptors, but belonging to various taxonomical lineages,
share the ability to metabolize a wide variety of carbohydrates.
The overrepresentation of TonB receptors in Xanthomonas spp.
appears to facilitate their survival in the phyllosphere by making
them competitive nutrient scavengers (Blanvillain et al., 2007).
Additionally, community proteogenomics of the phyllosphere
of Arabidopsis, clover, and soybean assigned a high proportion
and great variety of TonB receptors to Sphingomonas species.
This high abundance of TonB receptors is thought to allow
Sphingomonas spp. to be more successful than other Gram-
negative bacteria to withstand the carbon-stressed environment
and account for their success on the phyllosphere in terms
of their relative abundance (Delmotte et al., 2009). Innerebner
et al. (2011) tested 17 Sphingomonas strains on the phyllosphere
of A. thaliana for their ability to suppress disease symptoms
of the pathogen P. syringae pv. tomato DC3000. All seven
phyllosphere isolates, and four out of five rhizosphere isolates,
protected the plant against developing disease symptoms. On
the other hand, four out of five Sphingomonas non-plant isolates
(isolated from air, dust, or water), did not protect the host
plant against P. syringae infection. Carbon-source profiling of
two protective and two non-protective strains suggested that
substrate competition plays a role in the observed antagonistic
effect. It would be interesting to verify whether the difference in
carbon-source utilization is a result of a higher TonB diversity
and whether plant-associated Sphingomonas spp. typically have a
higher TonB diversity in comparison to other Sphingomonas spp.

The niche-overlap index (NOI) is a measure that can
be used to quantify the similarity in carbon source profile
of two microbes (Wilson and Lindow, 1994). Wilson and
Lindow (1994) calculated the NOI as the number of carbon
sources that both strains utilize as a proportion of the
total number of carbon sources utilized by one strain.
They demonstrated that the NOI of the epiphytic bacteria
Pseudomonas fluorescens, P. agglomerans, Stenotrophomonas
maltophilia, and Methylobacterium organophilum correlated
inversely with their ability to coexist with the pathogen P. syringae
on the phyllosphere of beans (Phaeseolus vulgaris). In another
study, the NOI of 36 non-pathogenic phyllosphere bacteria
were correlated with the ability to suppress disease caused by
P. syringae pv. tomato (Ji and Wilson, 2002). These studies
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confirm the hypothesis made by Lindow (1987) that “antagonism
due to competition of one strain with another would increase
proportionally to the overlap of their ecological niche.” This
hypothesis was formulated based on a field study where ice
nucleation-deficient P. syringae mutants successfully antagonized
the P. syringae wild-type strain in field conditions when the
mutant was applied to the plants two days before the wild-type
strain (Lindow, 1987). Under such conditions, the mutants could
successfully outcompete the wild-type strain and a reduction of
the frost injury to the plants was noted. However, the mutants had
the advantage of being able to occupy the ecological niche first.
Priority effects do play an important role in competition between
microbes and in the assembly of phyllosphere communities
(Maignien et al., 2014). Therefore, some biocontrol agents are
more effective as a preventive measure and less so as a treatment.

Berg and Koskella (2018) tested the antipathogenic properties
of both a natural phyllosphere community and a simplified
synthetic phyllosphere community (comprising of 12 bacterial
strains), against P. syringae pv. tomato. Both the natural as the
synthetic community protected the plant against the pathogen.
The authors observed that addition of fertilizer to the soil
canceled the observed pathogen protection of the synthetic
community, but not of the natural community. Microbial loads
on the leaves did not increase significantly due to fertilization.
The authors hypothesize that fertilization resulted in an increase
in phyllosphere nutrient availability. The synthetic communities
were all cultured on KB medium before application on the plants.
This is a medium on which P. syringae also grows well. This
might have caused selection for metabolically similar strains,
which would increase antagonism due to nutrient competition
(cfr. Lindow, 1987). Nutrient competition might therefore play
a more prominent role in the synthetic communities than in the
more diverse natural communities, where other modes of action
could possibly dominate. This hypothesis on nutrient-dependent
effects provokes two novel research questions. Firstly, does soil
fertilization increase nutrient availability in the phyllosphere and
secondly, how does this have an impact on biocontrol in the
phyllosphere in field conditions?

Siderophores

Apart from carbon sources, iron is often a limiting element in
phyllosphere microbial communities. Siderophores are secreted
by microorganisms to bind and transport iron into the cell.
Siderophore production is essential for the epiphytic fitness
of P. syringae pv. syringae 22d/93, a strain with biocontrol
activity against the pathogen P. syringae pv. glycinea (Wensing
et al., 2010). Interestingly, when inoculated in wounded leaves,
siderophore production by the commensal had no effect on its
own population size nor on the population size of the pathogen.
This indicates that iron was not a limiting element in wounded
plant cells. Siderophore production is thus not a biocontrol
mechanism of importance for P. syringae pv. glycinea, when the
pathogen rapidly penetrates living tissue. However, siderophore
production is an important adaptation factor for biocontrol agent
P. syringae pv. syringae 22d/93, as 10 days post inoculation, the
population size of a siderophore-negative mutant was 2 orders
of magnitude lower than that of the wild-type. Furthermore, a

role for siderophores in the induced systemic resistance (ISR)
(see section “Induced Systemic Responses”) has been reported in
several systems (Bakker et al., 2007). It is not excluded that the
wounding in the experiment by Wensing et al. (2010) triggered
ISR, via host jasmonic acid (JA) and ethylene mediated pathways
(see section “Plant Hormones”). The wounding switched off the
necessity for an additional siderophore triggered ISR and the
strain did not exert any biocontrol activity in the wounded plants.

Siderophores can have alternative functions in addition to
iron scavenging, such as non-iron metal transport, sequestration
of toxic metals, signaling, protection from oxidative stress, and
antibiotic activity. The latter occurs by attaching a bactericidal
‘warhead’ on a siderophore which is then taken up by the
antagonized bacterium (Kramer et al., 2019). The siderophore
enantio-pyochelin, produced by Pseudomonas protegens CSI,
isolated from the lemon tree phyllosphere, showed antagonistic
activity in vitro and in the phyllosphere of lemon plants
against the pathogen Xanthomonas citri subsp. citri (Michavila
et al., 2017). Additions of iron and ascorbic acid indicated that
not competition for iron but oxidative stress, induced by the
formation of reactive oxygen species (ROS) from pyochelin,
was the mechanism of action for the observed antimicrobial
activity. Indeed, ascorbic acid was able to counteract the
antimicrobial activity of ROS while addition of iron had almost
no effect. In contrast, experiments with P. orientalis F9 and a
mutant deficient in the production of siderophore pyoverdine
(also see section “Antibiotic Metabolites”) showed that the
mutant was still able to antagonize E. amylovora and three
P. syringae pathovars in vitro, as well as E. amylovora on a
detached flower assay and P. ultimum in a soil microcosm assay
(Santos Kron et al.,, 2020). This indicates that pyoverdine did
not play a role in the biocontrol mechanism by P. orientalis
F9. Another function of siderophores on the phyllosphere
was demonstrated by Ruiz et al. (2015). The siderophores
pyoverdine and enantio-pyochelin, synthetized by P. protegens,
were responsible for its resistance against the mycotoxin fusaric
acid. Fusaric acid is produced by pathogenic fungi of the
Fusarium genus and is toxic to plants and bacteria through
mechanisms that are not yet fully understood. Finally, Burbank
et al. (2015) showed that mutations in the iucA and iutA
genes, responsible for siderophore and receptor biosynthesis
respectively, results in a loss of surface motility of the xylem-
dwelling pathogen Pantoea stewartia, and reduced virulence in
sweet corn. This indicates that siderophores also play a role in
adaptation by mediating motility. However, this mechanism has
not been described yet as an adaptation strategy for phyllosphere
biocontrol agents.

INDIRECT INTERACTIONS

Next to direct interactions, biocontrol agents can inhibit
pathogens indirectly, by modulating the plant’s immune system
or hormone levels (Figure 1). Microbe-plant interactions that
protect the plant against pathogen infection are discussed here
as indirect interactions.
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FIGURE 2 | The plant’s defense system and how biocontrol agents can
interact with it. The plant’s immune system can be divided in four steps: (1)
Detection: A micro-organism can be detected via N-acyl homoserine lactone
(AHL), microbial associated molecular patterns (MAMPS) via
pattern-recognition receptors (PRRs), damage associated molecular patterns
(DAMPs), effectors or other ligands which are detected intracellularly. (2)
Signalization via the plant hormones salicylic acid, jasmonic acid and ethylene.
(3) A defense response via changes in gene expression, and (4) Protection
against the pathogen, while symbionts are tolerated or supported.
Micro-organisms can also modulate plant hormone levels by producing or
degrading them, which induces physiological changes in the host plant. “B” in
dark blue triangles indicate known biocontrol mechanisms by which biocontrol
organisms interact with the host plant (AHL and MAMP), inducing protection
against pathogens. “B?” in light blue triangles indicate mechanisms for which
their role in biocontrol on the phyllosphere requires confirmation (effector and
plant hormone modulation). Created with BioRender.com.

Plants have evolved a complex immune system to prevent
infection by recognizing potential intruders and responding
with an appropriate defense response. Reversely, pathogens
evolve continuously to evade recognition or to interfere
with the defense response. This action and counteraction are
described by Jones and Dangl (2006) in the “zigzag model.” A
schematic representation of the host immune system as well
as mechanisms by which biocontrol agents can interact with
it is given in Figure 2. The host plant recognizes microbe-
associated molecular patterns (MAMPs) by specific pattern-
recognition receptors (PRRs), which leads to pattern-triggered
immunity. One of the best studied MAMPs is flagellin, more
specifically the epitope flg22, which is recognized by the
PRR FLS2. Other MAMPs are lipopolysaccharides from Gram-
negative bacteria and N-acetylglucosamine-containing glycans,
such as bacterial peptidoglycan, generally more prominently
in Gram-positive bacteria, fungal chitin, or rhizobacterial

nodulation factors. Also volatile compounds emitted by beneficial
bacteria such as Bacillus and Pseudomonas spp. can trigger
the plants immune system, however the receptors remain
to be identified (Tyagi et al., 2018). An overview of PRRs,
the specific MAMPs that are recognized, and the molecular
basis of the following pattern triggered immunity has been
reviewed by Saijo et al. (2018). Of importance here, both
pathogens and mutualistic microbes are detected through
MAMP-PRR interactions and detection generally leads to
relatively weak immune responses. Hacquard et al. (2017)
argues that the pattern-triggered immunity does not discriminate
between a beneficial or pathogenic attack, but mainly functions
by restricting the microbial load. The immune response
can become stronger when additional virulence factors are
present, such as tissue damage or plant hormones modulation
(discussed further in this section) (Jones and Dangl, 2006;
Hacquard et al., 2017).

Microbes can overcome this first line of defense by modifying
MAMPs or by secreting effectors into the cytoplasm of
host cells that interfere with the triggered immune signaling.
Consequently, plants have evolved additional mechanisms to
detect these microbial effectors: effector-triggered immunity
(Jones and Dangl, 2006; Figure 2). Gram-negative bacteria use
type III secretion systems to deliver effector molecules into
the cytoplasm to suppress the immune system. When such
a secretion system is inactivated (through mutations in hrp
genes, which are required for a functional type III secretion
system and elicitation of a hypersensitive response in plants)
in pathogens, disease symptoms are reduced (Hanemian et al.,
2013). Such mutants are then unable to overcome pattern-
triggered immunity and are unable to infect host tissue. These
mutants often reside in the apoplast without causing harm
and can even protect the host against invasion of the wild-
type pathogen (Hanemian et al., 2013). Mutants and wild-type
pathogens colonize separate cells/niches when co-inoculated. In
some studies, co-inoculation led to protection (Faize et al., 2006),
while in others, it was necessary to inoculate the non-virulent
mutant prior to the pathogen (Feng et al., 2012). Therefore,
it is debatable whether competition for nutrients and space is
an important mode of action. However, multiple studies show
that inoculation with hrp mutants induces changes in gene
expression which lead to a defense response and increased
resistance against the pathogen (Faize et al., 2006; Feng et al,
2012; Hanemian et al., 2013).

Type III secretion systems and effectors have mostly been
described in pathogens. However, some commensals also
interact more actively with the plants immune response via
effectors. For example, nodulating rhizobacteria secrete effectors
using type III and type VI secretion systems to activate
nodulation in the host plant (Deakin and Broughton, 2009).
Recently, Stringlis et al. (2019) identified type III secretion
system gene clusters in beneficial rhizosphere Pseudomonas spp.
These gene clusters were highly similar to type III secretion
systems in other beneficial bacteria, but distinct compared to
phytopathogenic P. syringae. Also on the phyllosphere, type
III secretion systems have been identified in the genome
of a non-pathogenic Paraburkholderia isolate (Herpell et al.,
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2020). However, more research is needed to determine the
presence of type III secretion systems in other beneficial
phyllosphere bacteria, to identify effectors associated with
pathogens versus biocontrol effectors, and to determine the
role of these type III secretion systems in beneficial host-
microbe interactions.

A group of molecules often forgotten that have an effect on
the host immune system are N-acyl-homoserine lactones (AHLSs)
(Schenk and Schikora, 2015). AHLs regulate the behavior of
Gram-negative pathogens (see section “Quorum Sensing and
Quenching”). The host plant could benefit from the ability
to respond to or interfere with this quorum sensing signal.
Indeed, exposing roots to AHLs or AHL-producing bacteria has
been shown to trigger the upregulation of defense genes in the
plant and inducing systemic resistance via salicylic acid (SA)
signaling (described further) (Schenk and Schikora, 2015). One
of the AHL-induced defense reactions of Arabidopsis plants was
stomatal closure, a common first defense reaction to limit the
entry of pathogens in the apoplast. Furthermore, plants react
by degrading the AHLs (Delalande et al., 2005) or transporting
the AHLs into the vascular system to remove them from
the bacteria that produced them (Sieper et al, 2014). Both
actions could be described as a plant’s equivalent to quorum
quenching. Detection of AHLs in Arabidopsis plants is mediated
through the G-protein coupled receptor encoded by AtGPAI.
However, more research is needed to identify AHL receptors
in other plants.

Finally, the plant’s immune system can be triggered by the
detection of host-derived danger-associated molecular patterns
(DAMPs), such as oligogalacturonides which are released from
the plant cell wall during pathogen invasion. Detection of DAMPs
in combination with pattern or effector triggered immunity, will
result in a more severe immune response against the invader
(Hacquard et al., 2017). It is unlikely biocontrol agents trigger the
host immune system through the release of DAMPs.

As  described here, both biocontrol as pathogenic
microorganisms interact with the host immune system. Similarly
to pathogen and commensal host interactions in humans, the
final host response depends on the sum of the interactions with
host receptors. Commensal bacteria do not trigger a strong
defense reaction in the host as they lack additional virulence
factors, such as triggering the formation of DAMPs, modulating
plant hormone levels or secreting effectors into the host cells
(Lebeer et al., 2010).

Plant Hormones

The recognition of beneficial or pathogenic microbial attacks, as
described above, leads to the activation of signaling hormones
in the plant, as counterparts of immune modulating cytokines
in human and animal cells. Relevant plant hormones include
SA, JA, and ethylene, where SA and JA are considered to
act antagonistic (Koornneef and Pieterse, 2008; Pieterse et al.,
2014). JA and ethylene are usually involved in the defense
response against necrotrophic pathogens (feeding on killed host
cells), or after wounding, while SA is involved in the defense
reaction against biotrophic or hemibiotrophic pathogens (feeding
on living tissue) (Glazebrook, 2005). Experiments spraying

bacterial produced rhamnolipids on leaves of Arabidopsis
(see section “Direct Interactions”) showed that SA plays
a central role in rhamnolipid-mediated disease resistance
(Sanchez et al., 2012).

A first example on how phyllosphere microbes can directly
modulate plant hormone levels, is through the enzyme 1-
aminocyclopropane-1-carboxylate (ACC) deaminase that
degrades the ethylene precursor ACC. It has been detected
in plant-growth promoting rhizosphere bacteria such as
Azospirillum, Rhizobium, and Pseudomonas spp. (Gamalero
and Glick, 2015; Nascimento et al., 2019), as well as in
phyllosphere bacteria, such as several Methylobacterium spp.
(Kwak et al, 2014) and Rhodococcus fascians (Chinnadurai
et al., 2009; Francis et al, 2016). 1-Aminocyclopropane-
1-carboxylate deaminase activity lowers ethylene levels,
reducing the plant’s defense responses and thereby facilitating
symbiotic microorganisms. ACC deaminase also results
in the promotion of plant growth, since plants become
more resilient against environmental stress such as drought,
flooding, salt stress or pathogen pressure (Gamalero and
Glick, 2015; Nascimento et al., 2018; Saghafi et al., 2020).
Direct evidence for a role of ethylene in modulating the
community composition of the phyllosphere is given by
Bodenhausen et al. (2014), as ethylene-insensitive plant mutants
harbored a different phyllosphere community. Moreover,
evidence is rising for a direct role of ACC in regulating
plant development (Van de Poel and Van Der Straeten, 2014;
Vanderstraeten and van Der Straeten, 2017) and defense
responses (Tsang et al., 2011).

Levels of phytohormones that are primarily involved in
plant growth, such as cytokinins and auxins, can also be
modulated by microbes (Leach et al., 2017). Both production
and degradation of the auxin indole-3-acetic acid (IAA) have
been observed in both plant growth-promoting and pathogenic
bacteria (Duca et al., 2014; Nascimento et al., 2019). Degradation
of TAA can be advantageous for phyllosphere microbes in
two ways. On the one hand, TAA is a good source of
carbon and nitrogen (Leveau and Lindow, 2005; Nascimento
et al., 2019). On the other hand, manipulation of IAA levels
induces physiological changes in the plant, such as cell wall-
loosening and the release of nutrients that benefit the survival
or colonization of the microbe (Vanderhoef and Dute, 1981).
P. putida 1290 is able to grow on IAA as a sole source of
carbon, nitrogen, and energy (Leveau and Lindow, 2005). This
ability of P. putida 1290 is encoded by the iac gene cluster.
Homologs of the iac gene cluster have been identified in strains
from various genera, such as P. putida GB-1, Marinomonas sp.
MWYL1, Burkholderia sp. 383, Sphingomonas wittichii RW1,
Rhodococcus sp. RHA, Acinetobacter baumannii ATCC 19606,
and Lelliottia sp. (Leveau and Gerards, 2008; Lin et al., 2012).
On the other hand, high levels of IAA, produced by plant or
bacterium, can play an important role in disease development
[e.g., by gall forming pathogens Rhodococcus fascians (Stes
et al, 2012) (see further in text), knot development by
P. savastanoi (Surico et al., 1985) or suppression of the host
defense system by P. syringae pv. syringae DC3000 (McClerklin
et al, 2018)]. Bacterial degradation of IAA has so far not
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been directly linked with antipathogenic effects. However, IAA
degradation is an important adaptation mechanism of bacteria
on the phyllosphere.

Besides degradation, TAA can also be produced by plant-
associated bacteria. Production of IAA can occur via several
pathways, as reviewed by Duca et al. (2014). The presence
of these pathways can be detected by the presence of the
following essential genes: ipdC and aldH for the indole-3-
pyruvate pathway (encoding the enzymes necessary for the
decarboxylation of indole-3-pyruvate and subsequent oxidation,
respectively), dcc and aldH for the tryptamine pathway (encoding
the enzymes necessary for the decarboxylation of tryptophan
and subsequent oxidation, respectively), iaaM and iaaH for
the indole-3-acetamide pathway (encoding for tryptophan-2-
monooxygenase and indole-3-acetamide hydrolase, respectively),
and nthA for the indole-3-acetonitrile pathway (encoding for
nitrile hydratase o) (de Souza et al,, 2019). It is important
to note that although the indole-3-acetamide pathway was
considered as being exclusive for the excessive IAA production
by gall forming bacteria like P. savastanoi, Erwinia spp.,
and Agrobacterium transformed plant tissue (Jameson, 2000),
these genes are also present in methylotrophic rhizosphere
microorganisms (Li et al.,, 2019). The ipdC gene is of special
interest since it was demonstrated that the specific growth
conditions in the phyllosphere trigger the expression of the
ipdC gene in symbiotic P. agglomerans (syn. E. herbicola)
(Brandl et al., 2001). Furthermore, the phyllosphere consists of
microenvironments that induce differential expression of the
ipdC gene. Expression of the ipdC gene and production of IAA
is induced in the rhizosphere symbiont Azospirillum brasilense
Sp245 when carbon source availability is limited in batch and
fed-batch cultures (Ona et al., 2005). These observations indicate
that TAA production, encoded on the ipdC gene, is used by
beneficial plant-associated bacteria to adapt to the phyllosphere
by improving their growth conditions and availability of carbon
sources. However, as with TAA degradation, IAA production is
an important adaptation factor and has not yet been linked to
biocontrol activity.

Members of the genus Methylobacterium enhance plant
growth by producing auxins and cytokinins (Koenig et al.,
2002; Kwak et al,, 2014; Jorge et al, 2019; Li et al, 2019).
Interaction with the host is beneficial for the symbiont’s growth
since they metabolize the methanol released as the plant
grows (Kutschera, 2007). Methylobacterium derived cytokinins
were attributed to drought/saline stress resistance in the host
(Jorge et al, 2019). Both the type of cytokinins present and
the presence of a miaA gene indicate that methylobacterial
cytokinin production is merely via tRNA (Koenig et al,
2002; Kwak et al, 2014; Jorge et al, 2019). Moreover,
biocontrol activity has been observed, for example, seed
inoculation of groundnut plants with Methylobacterium spp.
increased protection against pathogens Aspergillus niger and
Sclerotium rolfsii (Madhaiyan et al, 2006). The treatment
with Methylobacterium spp. induced an increased activity of
enzymes in the host plant that are typically associated with
Induced Systemic Resistance (ISR) a state in which the plants
immune system is triggered in order to become resistant

against pathogen infection (see further for the paragraph on
Induced Systemic Responses). This indicates that the applied
Methylobacterium spp. interacted with the host plant’s defense
system resulting in protection against A. niger and S. rolfsii.
However, the specific role of microbial production of cytokinins
and auxins in the plants defense response has not been
elucidated in this study.

Bacteria that are known to modulate plant hormone levels
are Rhodococcus fascians. Both pathogenic as non-pathogenic
R. fascians have the ability to both produce IAA and cytokinins,
and decrease ethylene levels (Francis et al., 2016). In pathogenic
bacteria, the genes encoding auxin and cytokinin production
are plasmid-borne (Jameson, 2000). IAA production is higher
in presence of exogenous tryptophan, a precursor of IAA.
Interestingly, upon inoculation of the plant with pathogenic
or non-pathogenic R. fascians, the metabolism of the host
plant changes and more tryptophan is accumulated, possibly
stimulating bacterial production of IAA (Francis et al., 2016).
On the other hand, the production of cytokinins by R. fascians
induce increased auxin production in the plant. The increased
auxin levels play an important role in the development of disease
symptoms (Stes et al., 2012). The non-pathogenic derivative of
this strain lacks the plasmid with virulence genes. The main
pathogenicity factor on the plasmid is the production of modified
methylated cytokinins, which are not degraded by cytokinin
oxidase activity, mimic plant cytokinins, induces increased
auxin production in plants and results in the development of
disease symptoms (Radhika et al., 2015). Cytokinin and auxin
production in pathogenic R. fascians is thus detrimental and
contributes to the disease development. Reversely, cytokinin
and auxin production in non-pathogenic R. fascians, as well
as in other symbionts (e.g., Methylobacteria, described above),
is being described as a beneficial trait since it promotes plant
growth (Schauer and Kutschera, 2011; Francis et al, 2016;
Romero et al., 2016).

In conclusion we can postulate that, through the ability to
control the auxin steady state by producing additional auxins on
the one hand, and by auxin degradation when excessive auxin
production occurs in case an additional pathogen is invading the
host on the other hand, a benign symbiont is possibly able to
optimize its ecological niche both by improving the host growth
and excluding other invaders. The cross talk between auxins and
ethylene, as well as the bacterial ACC-degradation might prevent
ethylene induced excessive immune and senescence responses
to occur. Moreover, it is of general knowledge that cytokinins
act as a sink for sugar and other metabolites (Roitsch and
Ehnef3, 2000), therefore we postulate that it is plausible that the
microbial cytokinin production works as a sink for metabolites
to the benefit of the symbiont (carbon source) as well as the
host by reducing senescence and as a consequence prolonging
photosynthetic activities.

Induced Systemic Responses

Once a microbe is detected by the plant and its presence is
signaled via plant hormones, as described above, a specific
immune response is triggered in the plant (Fig 2). Beneficial
microbes are able to trigger the plant’s defense system at the
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point of recognition and induce immunity against pathogens in
the whole plant body (Pieterse et al., 2014). This phenomenon
is called induced systemic resistance (ISR). Also pathogens can
induce a systemic response, which then protects other parts of the
plants, this is called systemic acquired resistance (SAR). The term
ISR is usually used when it is triggered by rhizosphere microbes
(Pieterse et al., 2014). However, in the next paragraphs, we will
describe several examples of ISR by beneficial microorganisms
in the phyllosphere. Also endophytic bacteria can trigger ISR
(Kloepper and Ryu, 2007).

Vogel etal. (2016) studied the differences in gene expression in
Arabidopsis plants upon inoculation with two model commensal
phyllosphere bacteria; S. melonis Frl and Methylobacterium
extorquens PAl. Colonization by M. extorquens PA1 resulted
in very little transcriptional response from the plant whereas
S. melonis Frl changed the expression of several hundreds of
genes. This corresponds with the findings of Innerebner et al.
(2011) where S. melonis Frl decreased disease development on
A. thaliana while M. extorquens PA1 did not. The transcriptional
response induced by S. melonis Fr1 was similar to the response
induced by an encounter with the pathogenic P. syringae DC3000
(Vogel et al,, 2016). The authors hypothesize that plants detect
the presence of S. melonis Frl in a similar way as P. syringae
and respond with an expression of defense-related genes that
are involved in plant protection. However, the plants response
is less severe, probably because S. melonis Frl lacks additional
virulence factors which are present in P. syringae DC3000. The
exact mechanisms still need to be unraveled, since plant mutants
defective in several known defense signaling pathways, such
as SA and JA signaling, and lacking the FLS2 PRR, showed
that these pathways and receptors where not involved. More
recently, Ryffel et al. (2016) demonstrated that S. melonis Frl
induced camalexin production in the host plant. The pathogen
P. syringae pv. tomato also induced production of camalexin,
yet in higher concentrations. Production of the tryptophan-
derived indole alkaloid camalexin, is a typical defense response
of Arabidopsis and other plants from the Crucifereae family.
Due to its lipophilic nature, camalexin is effective against a wide
range of bacteria and fungi by interfering with the integrity of
membranes (e.g., by binding to phospholipids). Production of
camalexin by Arabidopsis, triggered by S. melonis Frl is thus
postulated to be the mechanism behind the observed plant
protection by this commensal.

The hosts immune system does not only target bacterial or
fungal pathogens, but can also protect against viral diseases
(Lee and Ryu, 2016). Three-year field trials of foliar applications
of Bacillus amyloliquefasciens 5B6 showed consistently reduced
cucumber mosaic virus accumulation as measured by qPCR (Lee
and Ryu, 2016). Observed changes in gene expression in the
host plant suggested that activation of SA and ethylene signaling
pathways played a key role in the acquired resistance. Also here,
the genes upregulated by the biocontrol agent were the same as
the genes upregulated in the defense response caused by several
viruses, including cucumber mosaic virus (Park et al., 2004).
B. amyloliquefasciens 5B6 colonized the phyllosphere successfully
as their population size remained stable during seven days after
administration of 108 CFU/ml until run-off. This contrasted

with the sharp decline in population size of strain FZB42,
isolated from the soil, showing that strain-specific adaptation
traits are important for survival and successful biocontrol in
the phyllosphere.

Another intriguing observation was made by Hong et al.
(2016) on the known plant-growth promoting rhizosphere
bacterium Paenibacillus polymyxa AC-1. This strain inhibited
the growth of phyllosphere pathogens P. syringae pv. tomato
DC3000 and P. syringae pv. tabaci in an in vitro setting. Cell-
free supernatant of P. polymyxa AC-1 also suppressed these
pathogens, suggesting that antimicrobial metabolites excreted
by the antagonist play a direct antagonistic role (see section
“Antimicrobial Metabolites”). Inoculation of the root tips of
axenic Arabidopsis seedlings with bacterial suspensions of
P. polymyxa AC-1 resulted in a SA and JA-dependent defense
reaction. Interestingly, this inoculation of the roots of axenic
plants resulted in colonization of the Arabidopsis leaf endosphere
with P. polymyxa AC-1. Colonization of the leaf endosphere was
10-fold higher in Arabidopsis mutants with reduced sensitivity
to JA and 10-fold lower in mutants deficient in the isoprenoid
plant hormone abscisic acid, compared to wild-type plants.
The colonization of the leaf endosphere by P. polymyxa AC-
1 in JA-deficient plants even caused disease symptoms in
the phyllopshere. This indicates that JA negatively impacts
the detrimental endophytic growth of AC-1. This illustrates
that the plants defense system is important in regulating
the total microbial load and preventing symbiotic bacteria to
become invasive.

The mechanisms by which microbes are detected by the
host and subsequently trigger the host’s immune response, are
similar in both non-pathogenic and pathogenic strains (Fig
2). However, non-pathogenic strains lack additional virulence
factors, resulting in a milder defense response from the host.
Biocontrol agents have the ability to trigger the immune system,
and thereby inducing resistance to phylogenetically distinct
pathogens. Sometimes, biocontrol agents are very closely related
to pathogenic strains, or can even be opportunistic pathogens
themselves (e.g., Pseudomonas, R. fascians, P. polymyxa), in this
case the difference between ISR and SAR becomes less clear.

CONCLUSION AND FUTURE RESEARCH
PERSPECTIVES

The phyllosphere harbors a diverse set of microbes. These
microbes interact closely with each other and with the host plant.
Amongst them are pathogens, causing disease in the host plant
and reducing yields in agriculture, but also beneficial microbes
which can be the key to environmentally friendly solutions
to protect crops from diseases. These beneficial microbes can
inhibit pathogen growth directly, by competing for nutrients
and space, by interfering with their communication, by excreting
antimicrobial metabolites or enzymes, or by parasitizing on the
pathogen. On the other hand, beneficial microbes can trigger the
plant’s immune response and modulate plant hormone levels, and
hereby indirectly inhibiting pathogen growth.
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Knowledge on these mechanisms is often gained through
in vitro experiments using gnotobiotic or sterile plants, while the
efficacy of a biocontrol agent needs to be validated in field trials.
In this review we linked these two types of studies and gave an
overview of biocontrol mechanisms and adaptation mechanisms
that play a role in the phyllosphere. Several mechanisms still
need further validation, for example, the characterization of novel
antimicrobial peptides, the role of type III secretion systems,
the biocontrol potential of small peptides involved in quorum
sensing and the impact of bacterially produced plant hormones
on the host immune system. Next, we need to understand which
mechanisms are at play in field conditions. This question has also
been addressed by Kohl et al. (2019). Firstly, which biocontrol
mechanisms are active on the field, e.g., some antimicrobial
metabolites play a role in biocontrol in vitro but not in vivo,
and reversely (Kohl et al., 2019; Santos Kron et al, 2020)?
Secondly, is the biocontrol agent adapted to the phyllosphere
in field conditions, and can it disperse in the growing plant
(e.g., Wei et al, 2016)? Finally, the biocontrol agent needs to
integrate in the resident microbial community. This resident
community can positively or negatively influence the biocontrol
activity and the success of colonization of the biocontrol agent
(Massart et al., 2015).

Techniques that can help us understand the mechanisms
playing a role in complex phyllosphere communities
are metagenome, metatranscriptome, metaproteome, and
metabolome analyses. Eventually, this understanding may
allow us to go beyond the application of single strains,
and toward designing communities, an idea that is often
repeated in biocontrol research (Massart et al, 2015; Singh
and Trivedi, 2017). Biocontrol communities possess a variety
of complementary adaptation and biocontrol factors, that
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Microbes form close associations with host plants including rice as both surface
(epiphytes) and internal (endophytes) inhabitants. Yet despite rice being one of the most
important cereal crops agriculturally and economically, knowledge of its microbiome,
particularly core inhabitants and any functional properties bestowed is limited. In this
study, the microbiome in rice seedlings derived directly from seeds was identified,
characterized and compared to the microbiome of the seed. Rice seeds were sourced
from two different locations in Arkansas, USA of two different rice genotypes (Katy,
M202) from two different harvest years (2013, 2014). Seeds were planted in sterile
media and bacterial as well as fungal communities were identified through 16S
and TS sequencing, respectively, for four seedling compartments (root surface, root
endosphere, shoot surface, shoot endosphere). Overall, 966 bacterial and 280 fungal
ASVs were found in seedlings. Greater abundance and diversity were detected for
the microbiome associated with roots compared to shoots and with more epiphytes
than endophytes. The seedling compartments were the driving factor for microbial
community composition rather than other factors such as rice genotype, location and
harvest year. Comparison with datasets from seeds revealed that 91 (out of 296)
bacterial and 11 (out of 341) fungal ASVs were shared with seedlings with the majority
being retained within root tissues. Core bacterial and fungal microbiome shared across
seedling samples were identified. Core bacteria genera identified in this study such
as Rhizobium, Pantoea, Sphingomonas, and Paenibacillus have been reported as
plant growth promoting bacteria while core fungi such as Pleosporales, Alternaria and
Occultifur have potential as biocontrol agents.

Keywords: rice, seed and seedling, microbiome, diversity, driving factors

INTRODUCTION

Macro-organisms such as plants form close interactions with microbes, which together can be
considered as meta-organisms or holobionts (Berg et al., 2014). Fungi, bacteria, viruses, archaea
and protista that are closely associated with plants are often referred to as the “second genome”
(Berendsen et al., 2012). Different plant compartments such as roots, leaves, stems, flowers, fruits as
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well as seeds can all be colonized, potentially with different
microbes (Berg et al., 2014). Microbes accumulate not only on the
outer surfaces of plants as epiphytes but also inside plant tissues
as endophytes (Turner et al, 2013). With the advent of new
sequencing technologies over the past few years, the composition
and possible function of these microbes, which collectively form
the microbiome, associated with plants has drawn much interest
(Miller et al., 2016).

Attention to microbes associated with plants has risen because
they can establish beneficial, neutral or detrimental interactions
of varying intimacy with their host plants (Berg et al., 2014).
Beneficial microbes may promote plant growth, suppress biotic as
well as abiotic stress and improve product quality. For example,
various rhizobia and mycorrhizal fungi have been demonstrated
to improve the acquisition of nutrients by plants (Hawkins et al.,
2000; Zehr et al., 2003; Richardson et al., 2009; Miransari, 2011).
Fungal endophytes such as Neotyphodium lolii can influence host
plant CO; fixation (Spiering et al., 2006). Bacteria including
Bacillus and Paenibacillus are able to promote plant growth
in desert agroecosystems, whereas fungi such as Lewia sp. can
be used for rhizoremediation of hydrocarbons (Koberl et al.,
2011; Cruz-Herndndez et al., 2013). Unlike pathogenic microbes
that cause disease on plants, microbes from Proteobacteria,
Firmicutes, and Actinobacteria are known to suppress plant
disease (Mendes et al., 2011).

Rice (Oryza sativa) is the most important cereal crop
agriculturally and economically feeding over half of the world’s
population. In addition, because of its relatively small genome
size and molecular tractability, it has been established as a
model plant for both basic and applied research (Izawa and
Shimamoto, 1996; Shimamoto and Kyozuka, 2002; Rensink
and Buell, 2004; Kawahara et al, 2013). Current strategies
used to increase rice yield include breeding and application
of chemical fertilizers and pesticides, which can be time
consuming, expensive and environmental unfriendly (Khush,
2000; Peng et al., 2006; Zhang, 2007; Mano and Morisaki,
2008; Huang et al., 2017). Other environmentally conscious
alternatives are in high demand such as the identification and
application of beneficial microbes. Though limited research
has been done, knowledge of the microbiome associated
with rice is beginning to accumulate. For example, three
different root niches [rhizosphere, rhizoplane (the root surface)
and root endosphere] of rice were shown to carry different
microbial communities including eubacteria and methanogenic
archaea (Edwards et al., 2015). Rapid and selective acquisition
of root-associated microbes from the soil was demonstrated
(Edwards et al., 2015). In addition, Methylobacterium in
rice shoots, Azospirillum and Herbaspirillum in rice stems
and roots, and Burkholderia and Rhizobium in roots were
detected (Mano and Morisaki, 2008). Similar bacteria were also
found to be associated with other plants facilitating nitrogen
fixation, and stress tolerance such as high osmotic pressure,
dryness and gamma-ray radiation (Mano et al, 2006; Mano
and Morisaki, 2008). It was also found that microbes from
Alphaproteobacteria, Actinobacteria, Pantoea, Exiguobacterium,
and Bacillus were common in the rice phyllosphere. Such
microbes may have significant effects on global carbon,

nitrogen and other nutrient cycles at the ecosystem level
(Venkatachalam et al., 2016).

Given the abundant evidence that various microbes influence
plant growth and development, considerable research focuses on
understanding the microbial community to benefit modern
agriculture. However, many factors influence the plant
microbiome. Different agricultural practices such as tillage,
drainage, intercropping, rotation, grazing and application of
pesticides, fungicides as well as fertilizer can affect microbial
diversity dramatically (Peiffer et al., 2013; Kato et al., 2015;
Rothenberg et al., 2016; Vukicevich et al., 2016; Jenkins et al.,
2017). Soil type, environmental conditions and host genotype
also play important roles in shaping the microbiome assemblage.
For rice, metagenomic, transcriptomic, proteomic as well as
amplicon sequencing approaches used to characterize the
microbial community of plants grown in soil have shown
that numerous factors including environmental factors, plant
age and genotype all greatly influence it’s microbiome (Knief
et al., 2012; Sessitsch et al., 2012; Edwards et al., 2015).
Productivity and health of agricultural systems depend greatly
on the functional processes carried out by the plant-associated
microbial community (Buyer et al., 1999; Hacquard, 2016).

However, it is conceivable that plants maintain a core
microbiome independent from soil type, environment, host
genotype, agricultural management and other factors. The
concept of a core microbiome was first proposed for the human
microbiome and has been further expanded to plant-associated
microbes (Engelbrektson et al., 2012; Shade and Handelsman,
2012). These core microorganisms constitute a conserved subset
of microbes that likely play important roles for host plants as well
as for the surrounding microbial communities (Engelbrektson
etal., 2012; Huse et al., 2012).

Moreover, there are also limited studies regarding microbiome
variation along different life stages of plants. Reproduction is an
important stage, and seeds usually contain a high diversity of
microbes that can be transmitted vertically across generations
(Bragina et al., 2013; Hodgson et al., 2014; Truyens et al., 2015;
Shahzad et al., 2018). Seed germination is a complex process,
during which the initially dormant seeds undergo physiological
state changes (Ofek et al., 2011). Investigation of the microbiome
temporal shift from seed to seedling as well as spatial shift
from root to shoot and from tissue surface to interior may
help to shed light on the interactions between the host and the
associated microbiome.

The primary objective of this project was to identify
the microbiome associated with rice shoots and roots and
compare them with the microbiome associated with rice seeds.
Furthermore, we wanted to illustrate the effect of rice tissue
compartment, genotype, growth location and harvest year in
shaping the microbial community. Finally, the core microbiome
related with rice seedlings was also expected to be revealed. To
achieve these goals, we characterized the microbial biodiversity
of rice seedlings, both in shoot and root tissue, derived
from seeds germinated in axenic conditions. Microorganisms
associated with different rice seedling compartments (surface and
endosphere of shoots and roots) were characterized by amplicon
sequence of 16S for bacteria and ITS for fungi. Rice seeds from
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different geographic cultivation areas of different rice genotype in
different harvest years were used in this study (Supplementary
Table 1). The composition and population structure in seedling
and root compartments were compared to those of previously
published data for the seeds and seed compartments (Eyre et al.,
2019). Finally, core bacterial and fungal taxa were identified.

MATERIALS AND METHODS

Rice Seeds

Rice seeds were obtained from Dr. Yulin Jia, USDA Dale Bumpers
National Rice Research Center, Stuttgart, Arkansas. Six different
japonica rice seeds representing two rice varieties (M202 and
Katy) were collected from two locations: research fields at the
Dale Bumpers (DB) Research Center and the University of
Arkansas (UA) in 2 years (2013 and 2014) (see Eyre et al,
2019). Seeds were enclosed in envelopes (50 g for each type of
seeds) and sent through standard mail. They were stored dry at
4°C after received.

Rice Seedling Growth

Sand (100 mL) and distilled water (40 mL) were poured into each
square plant culture vessels (SPL Life Science, Incu Tissue) and
autoclaved. After cooling, rice seeds were embedded into the sand
and vessels sealed with 3M medi-pore tape. Each vessel contained
5-6 rice seeds and for each rice type 4 replicates were grown.
Vessels were placed in an incubator at 26/20°C under a 14 h
light/10 h dark cycle for 3 weeks during which time rice seeds
germinated and grew to 3-4 leaf seedlings (Ding et al., 2012).

Seedling Compartments Sample
Collection

For rice seedlings, shoots and roots were separated and put into
sterile 50 mL falcon centrifuge tubes using sterile tweezers and
scissors. Each falcon tube contained 3-6 shoots or roots from the
germinated rice seeds (root samples were first manually shaken
before placing into falcon tubes in order to remove the loosely
associated sand). Then 20 mL of sterile distilled water was added.
The tubes were vortexed for 2 min to remove any adhering
microbes, and the liquid was collected. Tubes were vortexed two
more times, followed by three 1-min sonication with sterile water
using a sonication probe (Microson Ultrasonic Cell Disruptor
model XL2000, Misonix Incorporated New York, United States,
output 7 watts) to remove tightly adhering microbes. Liquid
extracts were pooled together based on different seed types to
form the shoot and root surface compartment samples. The
remaining shoot and root tissue were washed two more times by
sonication and then placed separately in sterile tubes.

After preliminary confirmation and evaluation for bacteria
and fungi existing in the four seedling compartments by plate
culturing, samples for genomic DNA extraction were then
processed. To extract DNA from shoot and root surface fractions
(all replicates were used for DNA extraction and combined), the
liquid extracts were centrifuged at 12,000 rpm for 15 min and
the supernatant was removed from the pellets. Respective pellets

represented the shoot surface and root surface compartments.
Pellets were collected and stored at —20°C until DNA extraction
(Bulgarelli et al, 2012; Engelbrektson et al., 2012; Bulgarelli
et al, 2015). For shoot and root endosphere DNA samples,
the remaining shoot tissue and root tissue after washing by
sonication (above) were stored at —20°C until DNA extraction
(Engelbrektson et al., 2012; Bulgarelli et al., 2013).

DNA Extraction

Whole genomic DNA was extracted from the 24 different
samples. The pellet collected from “shoot surface,” “root surface”
samples as well as the shoot and root tissue were placed separately
in sterile mortar and pestles. Liquid nitrogen was added. Samples
were thoroughly ground and DNA was extracted using the
“Wizard Genomic DNA Purification Kit” by Promega (Madison,
WI, United States) following the provided instructions (Fadrosh
etal.,, 2014). DNA quality and concentration were checked using
the NanoDrop spectrophotometer (model ND-1000, Thermo
Fisher Scientific, Waltham, MA, United States).

16S V3-V4 and ITS1 PCR Amplification

The amplification was carried out using primers modified
from Fadrosh et al. (2014). For bacteria, a region of
approximately 460 bp encompassing the V3 and V4
hypervariable regions of the 16S rRNA gene was targeted
(IluminaF: 5-CCTACGGGNGGCWGCAG-3' and IlluminaR:
5'-GACTACHVGGGTATCTAATCC-3") (Klindworth et al,
2013)". For fungi, the primers were used to amplify 291 & 58 bp
ITS1 region (ITSIF: 5-CTTGGTCATTTAGAGGAAGTAA-3'
and ITS2R: 5'-GCTGCGTTCTTCATCGATGC-3") (White et al.,
1990; Gardes and Bruns, 1993; Usyk et al, 2017). Overhang
adapters were added to primers for compatibility with the
Nextera Index Kit (Illumina, San Diego, CA, United States).

Two stages of PCR were then conducted as described in
Eyre et al. (2019). Specific index pairs were assigned to each
sample following the manufacturer’s user manual. Bacterial 16S
amplicon and fungal ITS amplicon coming from same sample
shared the identical barcode for Mi-Seq sequencing. All 48
amplicon products (24 for bacteria and 24 for fungi) were
quantified using a Bioanalyzer (Agilent 2200 TapeStation, CA,
United States). Amplicons were diluted and pooled together
at equimolar concentrations to ensure equal proportions of
the bacterial and fungal amplifications. The prepared samples
were submitted to the Genomic Sciences Laboratory at North
Carolina State University for “Illumina MiSeq 300 bp Paired-End
Sequencing” (Illumina, San Diego, CA, United States).

Sequencing Data Analysis

Sequencing data obtained from the Illumina MiSeq runs was
demultiplexed at the sequencing center for the 24 different
samples (Supplementary Table 1) based on the barcode
sequences attached to each sample. FastQC v0.11.8* was then
used to visualize the quality of raw sequences. Reads for

Uhttp://support.illumina.com/downloads/16s_metagenomic_sequencing_library
preparation.html
Zhttps://www.bioinformatics.babraham.ac.uk/projects/fastqc/
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each sample were further separated as bacterial and fungal
sequences using a custom Python script based on the different
primer sequences used for 16S and ITS amplification. The R
package “DADA2” was then used to generate the amplicon
sequence variants (ASVs) table (Callahan et al., 2016). Through
“DADA2, the demultiplexed “fastq” files for each sample were
filtered, trimmed and dereplicated to discern the error rates.
Forward/reverse reads were merged together, and chimeras
were removed from the whole set. The ASVs table was
generated and sequences were then assigned to taxonomy
through DADA2. “SILVA reference database” (version 132)
(Wang et al., 2007; Quast et al., 2012)° was used for 16S
amplicon data “assignTaxonomy” function. For fungal taxonomy,
the general “fasta” release files from “UNITE ITS database”
was used (Version 18.11.2018)*. Singletons were removed before
subsequent analysis.

Data Exploration and Statistical Analysis

Based on output from the “DADA2” package, statistical analysis
was performed using different R packages (R version 3.5.2)°.
“VennDiagram” package was used to show the distribution of
unique ASVs among different samples (Schwenk, 1984). Alpha-
diversity analysis was conducted using “alpha” function from
R package “microbiome” (Lahti and Shetty, 2018). Different
index value of alpha diversity was obtained while Shannon,
Chaol and InverseSimpson index were plotted through “ggplot2”
(Wickham, 2016) -based R package “ggpubr’ (Kassambara,
2018). Function “stat_compare_means” from “ggpubr” was used
for T-test between groups. “Ordinate” function from package
“Phyloseq” was used for the Principal coordinate analysis
(PCoA) and default distance Bray was applied. “Plot_ordination”
function from package “ggplot2” (Wickham, 2016) was used to
build the plot. For the summarization of samples taxonomic
composition, microbial genomics module of QIAGEN CLC
Genomics Workbench 20.0° was used to build the sunburst
figures. Taxa with at least 1% of the total reads were then extracted
and used to summarize the distribution of taxa across different
tissue compartments using R package “Phyloseq” (McMurdie
and Holmes, 2013). Package “ggplot2” was used for bar chart
plotting. Function “subset_taxa,” “get_taxa” and “sample_sums”
from package “Phyloseq” were used to extract taxa of interest
and get read abundance from taxa of interest as well as sample
of interest. Unpaired T-test and ANOVA analysis were carried
out to compare taxa abundance among groups using Prism
Graphpad software’. For further insight into the microbial
distribution pattern across rice tissue compartments, data from
seeds and seedlings were combined and taxa presenting more
than 0.1% of the total reads were extracted, normalized and
subjected to K-means clustering. The distance matrices were
made by using the “vegdist” function in R package “Vegan”
(Oksanen, 2015) and the clusters were then generated by

*https://zenodo.org/record/1172783# XvQNAmpKjfA
*https://unite.ut.ce/repository.php
Shttps://www.r-project.org/; https://rstudio.com/
Chttps://digitalinsights.qiagen.com
"https://www.graphpad.com/scientific-software/prism/

hierarchical agglomerative clustering (function “hclust”) using
complete linkage. This multivariate clustering analysis was used
to reveal similar groupings of taxa as cluster patterns in the
dataset across tissues. The taxa included in these clusters
are shown in Supplementary Tables 5, 6. In the end, core
members of the microbial communities were extracted using
R package microbiome (Lahti and Shetty, 2018) with 100%
representation (i.e., present in all 6 samples within a group,
seedling samples were grouped based on the 4 compartments).
When compare seedlings data with previous seeds data (Eyre
et al., 2019), ASV table from seedlings data was combined with
ASV table from early published seeds data and then subjected to
corresponding analysis.

RESULTS

Changes of Microbial Members in the
Rice During Shoot and Root Growth

The number of reads before and after quality control and the
number of ASVs per sample as well as per tissue compartment
are shown in Supplementary Tables 1, 2. After quality control,
18,308,731 total raw reads were separated, trimmed and filtered
to yield 4,101,915 bacterial reads and 5,917,486 fungal reads,
respectively. With the exception of the root surface sample from
fungi, the number of high-quality reads per tissue compartment
after quality control ranged between 955,602-2,496,917.

Distribution of unique ASVs as having more than one
read in any of seedling tissue compartments was summarized
firstly to reveal a broad picture of the microbial members
within the rice. The Venn diagrams shown in Figures 1A,C-E
showed the distribution of bacterial members within different
rice seedling compartments (shoot_endosphere, shoot_surface,
root_endosphere, and root_surface). Examination of the 4
seedling compartments revealed a total of 966 unique ASVs
(Figure 1A). More ASVs were found in root tissue (887)
than in shoots (282). For both the root and shoot tissues, the
number of ASVs was slightly higher in the surface samples (680)
compared to the endosphere (575). In addition, for both the
surface and endosphere sample, the root contained more ASVs
than shoot samples (Root surface: 592 vs. Shoot_surface: 268;
Root endosphere: 543 vs. Shoot endosphere 133). Overall, 640
(66.3%) of the ASVs were uniquely found only in single seedling
compartments: 298 (30.8%) out of all ASVs were only found
in root surface sample; 273 (28.3%) for the root endosphere;
60 (6.2%) for the shoot surface and 9 (0.9%) for the shoot
endosphere. Of the total 966 microbial ASVs, only 89 (9.2%) were
shared by all 4 seedling compartments.

Based on our previously published data (Eyre et al., 2019), a
total of 296 ASVs were detected in the rice seeds. Comparison
of the rice seeds and seedling data sets revealed 91 ASVs were
shared, representing 30.7% of those present in the seeds (7.8%
of total ASVs) as shown in Figure 1C. When the seedling
data sets were separated into shoots and roots, 54 ASVs were
shared by rice seeds, shoots and roots (Figure 1D). However,
88 of the 91 were shared between roots and seeds, whereas
57 of the 91 were shared between shoots and seeds. On the
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FIGURE 1 | Relationships between unique ASVs by tissue and tissue compartments. Distribution of unique bacterial (A) and fungal (B) ASVs separated by seedling
compartment. The number of unique ASVs found in each seedling compartment are shown below the Venn Diagram (Pink: Shoot_Surface; Blue: Root_Surface;
Green: Shoot_Endosphere; Yellow: Root_Endosphere). Unique ASVs in seedlings compared to unique ASVs in seeds (C-H). Distribution of unique bacterial (C-E)
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other hand, the shared ASVs only represented 9.9% (88 out
of 887) of root ASVs while representing 20.2% (57 out of
282) of shoot ASVs. Seedling samples were further separated to
seedling surface and seedling endosphere. Inspection revealed
that 68 ASVs were shared between rice seeds, seedling surface
and seedling endosphere samples, whereas 82 and 77 of seed
ASVs were shared with seedling surface and seedling endosphere
samples, respectively. The shared ASVs accounted for 12.1%
(82 out of 680) of total seedling surface ASVs and for seedling
endosphere, the shared ASVs account for 13.4% (77 out of
575). In sum, from the perspective of the seed, a greater
number of the bacterial seed microbiome was retained by the

root than the shoot, but these seed derived microbes showed
little preference for being retained in the seedling surface or
endosphere compartments.

To better understand the microbiome dynamics from seeds
to seedlings, additional analyses were performed using the four
different seed compartments: outer husk, husk, outer grain and
grain (Eyre et al, 2019; see Supplementary Figure 1). From
outer surface to inner grain, the number of shared ASVs among
seed compartments and seedling samples decreased, consistent
with the observation that the number of ASVs decreased in
rice seeds from outer surface to inner grain (Eyre et al,, 2019).
From the perspective of seed compartments, 43.6% (85/195)
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of outer husk ASVs were shared with seedling samples (roots
and shoots); 39.0% (57 out of 146) of husk ASVs were shared
with seedlings; 41.2% (35 out of 85) of outer grain ASVs were
shared while only 18.9% (7 out of 37) of grain ASVs were shared
(Supplementary Figures 1A-D). Similar patterns were observed
when comparing seed compartments with seedling surface
and endosphere compartments (Supplementary Figures 1E-
H). Thus, overall, although the outer husk contributed the
most ASVs to the seedling microbiome, there appeared to
be little preference based on proportion regarding which
seed compartment contributed predominantly to the seedling
microbiome, with the possible exception of the grain which
contributed the fewest and lowest proportion.

For the fungal dataset, 280 ASVs in total were detected for
rice seedlings (Figure 1B). Overall, 225 (80.4%) of the ASVs
were found to be uniquely associated with specific seedling
compartments: 21 (7.5%) ASVs were only found in shoot surface
sample; 0 (0%) for root surface; 77 (27.5%) were found specific
for shoot endosphere and 127 (45.4%) for root endosphere.
Only 4 of the total 280 ASVs were shared by all 4 seedling
samples, all of which were found on the root surface. The
low number of ASVs found on the root surface preclude
any further general inferences regarding the effect of organs
(root/shoot) and location (surface/endosphere) impacting the
fungal communities.

Seedling fungal data were then compared with previous rice
seeds data (Eyre etal., 2019) where 341 fungal ASV's were detected
(Figures 1F-H). Only 11 ASV's were shared, representing 1.8% of
the total ASVs (3.2% of seed data set). Similar to the bacterial
analysis, seedling samples were then separated by shoots and
roots: 3 ASVs which represents 0.5% of total were shared by
rice seeds, shoots and roots. During germination, 10 [out of
341 (2.9%)] of seeds ASVs were shared with root samples while
4 [out of 341 (1.2%)] of seeds ASVs were shared with shoot
samples. Moreover, the shared ASV's represented 5.8% (10 out of
174) of root ASVs and represented 2.6% (4 out of 153) of shoot
ASVs. Seedling samples were further separated to seedling surface
and seedling endosphere. Only 2 ASVs which represent 0.3% of
total were shared by rice seeds, seedling surface and endosphere
samples. During germination, the 11 [out of 341 (3.2%)] seed
ASVs were shared with seedling endosphere samples while only 2
[out of 341 (0.6%)] were shared with seedling surface samples.
The shared ASVs accounted for 4.2% (11 out of 259) of total
seedling endosphere ASVs. For the seedling surface, the shared
ASVs accounted for 3.1% (2 out of 64). Additional analyses were
conducted using the four seed compartments: outer husk, husk,
outer grain and grain to better understand the microbiome shift
from seeds to seedlings (Supplementary Figure 2). From the
outer surface to inner interior, 2.7% (7 out of 262) of outer husk
ASVs were shared with seedling samples; 3.6% (4 out of 112) of
husk ASVs were shared with seedlings; 3.4% (7 out of 211) of
outer grain ASVs were shared and 7.6% (5 out of 66) of grain
ASVs were shared. Overall, even though the number of fungal
ASVs commonly associated with seeds and seedlings was low,
each seed compartment contributed fairly evenly to the seedling
microbiome, which were predominantly located in the root and
endophyte tissues.

Diversity and Driving Factors of

Microbial Communities

To evaluate diversity of microbial communities associated
with rice seedlings, alpha diversity was calculated across
samples grouped to different compartments, years, genotypes
and locations (Figure 2 and Supplementary Tables 3, 4).
Alpha diversity provides information regarding species richness
(ASV abundance) and diversity within single samples. For rice
seedlings, associated bacteria were more diverse than associated
fungi. Moreover, root samples were more diverse than shoot
samples while the surface samples were more diverse than the
endosphere samples (except for fungi associated with shoot
surface compartment). Analysis of the combined seeds data with
seedlings data indicated that bacteria associated with seedlings
were more diverse than those associated with seeds while fungi
associated with seed samples were slightly more diverse than
those associated with seedlings. Other factors including genotype,
location and year also had minimal effect on diversity.

To better understand the impact of different factors (seedling
compartment, harvesting year, harvesting location, rice
genotype) on the microbial community, Principal Coordinates
Analysis (PCoA) was used to explore the internal relationships of
those variables (Figures 3A,B). For bacterial and fungal datasets
of rice seedlings, PCoA plots showed that samples generally
clustered together based on different tissue compartments,
indicating distinct communities. However, when samples were
grouped based on different harvesting year, location or rice
genotype, no obvious clusters were evident (Supplementary
Figures 5, 6). Seeds data were also combined with seedling data
and subjected to PCoA analysis (Figures 3C,D). Microbiome
community (both bacterial and fungal) associated with rice seeds
were very distinct from those associated with seedlings. For rice
seeds, consistent with previous publication (Eyre et al., 2019), the
grain compartment formed the most distinct bacterial grouping.
Inspection of the fungal PCoA in seeds samples revealed that
the grain, outer grain, and outer husk tissues formed distinct
groupings with the husk overlapping all three. Though the
seedling sample did not show clear community patterns in the
combined analysis with the seed data, when the seed data was
removed, the bacterial community possessed by shoot samples
was different from root samples and the microbiome associated
with plant surface was distinct from the plant endosphere (as
shown in Figures 3C,D).

Taxon Composition of Microbial

Communities

To better understand changes in microbial communities during
germination, CLC workbench (Microbial genomics module) was
used to visualize taxa proportions for comparing seeds and
seedlings. For bacteria (Figure 4A and Supplementary Figure 3),
Proteobacteria (87%) and Actinobacteria (12%) composed the
entire seeds bacterial community. Though Proteobacteria were
also dominant for seedlings (63%), reduced Actinobacteria (4%)
were detected along with emerging Bacteroidetes (29%) and
Firmicutes (3%). In addition, during germination the abundance
of Gammaproteobacteria increased compared to seeds (from 0.9
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to 30.9%, P = 0.0259) where Alphaproteobacteria were prevalent
(86% in seeds).

A total of 247 taxonomic classifications primarily at the
genus level were detected for the combined seed and the
seedling datasets. Nineteen taxa were identified representing
91.5% of the total reads (Figure 4B, seeds data and seedlings
data combined). Of those taxa, 12 were from proteobacteria (4
Alphaproteobacteria and 8 Gammaproteobacteria), 3 were from

Bacteroidetes, 3 Actinobacteria and 1 Firmicutes. Considering
the seedling samples, 16 taxa were present in the combined data
set (taxa Curtobacterium, Microbacterium, Enterobacteriaceae,
and Atlantibacter were absent from seedlings while Luteibacter
was included). Taxon composition of the root endosphere was
similar as the root surface, except for increased abundance of
Pseudomonas (from 1.3 to 10%, P = 0.0028), Massilia (from 2.8
to 10.4%, P = 0.0206) and reduced abundance of Herbaspirillum
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(from 21.4 to 5.2%, P = 0.0250). The shoot sample contained a
greater abundance of Actinobacteria (8.5% for shoot and 0.6% for
root, P = 0.0009) and Aureimonas (3.8% for shoot and 0.2% for
root, P = 0.001) than roots. The shoot endosphere sample was
richest in Pantoea and least rich for Bacteroidetes. In contrast,
in the shoot surface sample, Gammaproteobacteria (from 57.4
to 13.6%, P < 0.0001) were reduced while Bacteroidetes
(from 3.8 to 39.3%, P < 0.0001) increased. When examined
based on ASV abundance distribution (Figure 4C) rather
than read abundance, compared to read abundance bar plot,
Methylobacterium increased in seedlings and Actinobacteria
increased in root samples. For the shoot endosphere sample,
Bacteroidetes ASV's were highly prominent.

With respect to seeds, 8 taxa were included in the 19 taxa in
the combined seeds and seedlings dataset. These observations
were similar to previous findings using the seeds data alone,
where 9 taxa were identified whose abundance were higher
than 1% of total reads with the addition of Franconibactor
(Eyre et al., 2019). Moreover, the taxon composition in rice
seedlings was distinct from seed samples. Curtobacterium
and Microbacterium from Actinobacteria were consistently
present for all tissue compartments, however, the abundance
was reduced in seedling samples compared to rice seed

(Curtobacterium from 8 to 0.4%, P < 0.0001; Microbacterium
from 2 to 1%, P = 0.0281). A similar pattern was also
observed for 4 genera from Alphaproteobacteria, which were
very prominent in seeds. In contrast, compared to seed
samples, members from Gammaproteobacteria, Bacteroidia and
Firmucutes were abundant in seedlings and represented 47.4% of
the total reads.

For fungi, the seed and seedling communities were
comprised of Ascomycota and Basidiomycota (Figure 5A).
Tremellomycetes (from 27.9 to 28.13%, P > 0.05) and
Cytobasidiomycetes (from 1.5 to 0.9%, P > 0.05) were the
most abundant taxa for Basidiomycota and their total proportion
remained unchanged during germination (for seedling samples,
99% ASVs from Tremellomycetes could not be assigned to a
specific genus while in Cytobasidiomycetes, genus Occultifur
emerged to be dominant as the genus Symmetrospora became
undetectable). In contrast, for Ascomycota, the abundance
of Sordariomycetes increased dramatically (from 3.5 to 54%,
P < 0.0001) while Dothideomycetes were reduced (from 66.5
to 17%, P < 0.0001) in seedlings. It should also be noted
that for Sordariomycetes, Fusarium became prevalent in
seedlings compared to seeds where Nigrospora was the primary
(Supplementary Figure 4).
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In the fungal data, 159 taxonomic classifications primarily
at the genus level were detected for rice seedlings. Similar
to bacteria, fungal taxa with at least 1% of the reads (13
genera representing 90.6% of total reads) from seeds and
seedlings dataset were examined (Figure 5B, combined seeds
and seedlings dataset). Overall, taxa assigned to Fusarium
and Tremellales accounted for 74.8% (Figure 5B) of the
whole seedling taxon composition. However, compared
to other seedling samples, Tremellales (0.5% for root
endosphere, ANOVA P = 0.0024) and all Basidiomycota
(0.6% for root endosphere, ANOVA P = 0.0021) were

poorly represented in the root endosphere compartment
(Figure 5B). Inspection based on ASV abundance rather
than read abundance, revealed that Occultifur which only
represented 0.15 and 0.04% of reads in root endosphere and
shoot surface compartments showed higher relative ASV
abundance. Furthermore, in the root endosphere, based on
reads Basidiomycota accounted for less than 2% of the root
endosphere reads, whereas they accounted for ~25% of ASV
abundance (Figure 5C).

With regards to changes in fungal taxa during seedling
development, taxa Pleosporales (from 42.3 to 7.9%, p < 0.0001),
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Didymellaceae (from 11.1% to non-detectable), Alternaria
(from 13.9 to 4%, P = 0.0072) and Cladosporium (from
4.5% to non-detectable) diminished while Fusarium (from
non-detectable to 41.6%) and Tremellales (from 4.8 to
34.2%, P = 0.0002) increased. Although only 4 fungal ASVs

were found on the root surface they were predominantly
Tremellales. Taxa such as Papiliotrema, Saitozyma, Hannaella,
Nigrospora, Gladosporium and Didymellaceae showed increased
relative ASV abundance when compared to read abundance
(Figures 5B,C).
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Microbiome Patterns Across Rice Tissue

Compartments

Multivariate clustering analysis showed the bacterial data was
assigned to 6 clusters across tissue compartments (Figure 6A
and Supplementary Figure 7). Taxa assigned to cluster B were
found predominately in the root endosphere which contained
28.6% of the total root endosphere reads. Members of this
cluster were primarily from the Proteobacteria. Taxa in cluster
E were abundant in root surface compartments representing
20.1% of the root surface reads. Members of clusters B, E,
and F, which were prominent in seedlings, were largely absent
from seeds. Cluster A, which was made up of 10 taxa including
Rhizobium, Paenibacillus, Pedobacter, and Microbacterium, was
prominent in both seed and seedling compartments. Taxa in
cluster C were dominant in seeds, particularly in grain and husk
samples and included taxa Cautobacterium, Kineococcus as well as
Methylobacterium. Similar to Cluster C, Cluster D also contained
taxa dominant in seeds compartments such as Brevundimonas,
Sphingomonas, and Roseomonas.

K-means clustering was also applied to the fungal dataset and
provided 6 clusters across 8 tissue compartments (Figure 6B
and Supplementary Figure 7). Taxa in cluster A were dominant
in the root endosphere sample and were all Ascomycota. They
represented 34.5% of total ASV reads in this compartment. Six
taxa in cluster E including Saitozyma and Nigrospora were found
mostly in outer husk compartment representing 33.7% of outer
husk reads. Half of them were Ascomycota while the other
half were Basidiomycota. Cluster C (Occultifur and Fusarium
included) contained taxa that were in high abundance in the root
samples and shoot endosphere compartment. They were largely
absent from seeds. A similar pattern was found for Cluster B,
which contained taxa absent from seeds but abundant for root
surface and shoot samples. Furthermore, this cluster had modest
representation in the outer husk and outer grain compartments
of seeds. Only one taxon was present in Cluster B: Tremellales.
Cluster F was primarily restricted to seeds and carried taxa that
were most abundant in outer grain and outer husk compartment
such as Hannaella and Phaeosphaeria. Of note, members of
Cluster D, which included Alternaria and Curvularia taxa were
detected in all seed compartments but highest in grain.

Identification of a Core Microbiome
In total, 25 bacterial taxa and 8 fungal taxa were identified as core
members in one or more seedling compartments. The bacterial
core represented 90.0% of the bacterial total reads, while the
fungal core represented 61.3% of the fungal total reads. From
the perspective of ASVs, the ASVs identified in the bacterial core
represented 42.2% (494/1171) of the bacterial ASVs, while the
fungal core represented 21.8% (133/610) of the fungal ASVs.
Considering the bacterial core (Table 1), 10 taxa were detected
in all samples of the root endosphere; 21 taxa for root surface
samples; 11 taxa for shoot endosphere samples and 15 for
shoot surface. Genera including Allorhizobium, Sphingomonas,
Methylobacterium, Aureimonas, Pantoea, and Xanthomonas were
consistently detected as core for all four tissue compartments.
Less prevalent taxa such as Microbacteriaceae and Rhizobiaceae

were only absent for root endosphere samples; Mucilaginibacter
and Paenibacillus were consistently detected as core except for
shoot endosphere samples. Curtobacterium, Pseudomonas, and
Chryseobacterium were only identified in surface samples.

For the fungal core (Table 2), 7 taxa were detected in
all samples of the root endosphere; 1 taxon for root surface
samples; 3 taxa for shoot endosphere samples and 2 for
shoot surface. Fusarium was consistently detected except for
the shoot surface samples and Pleosporales was consistently
detected except for the root surface samples. Alternaria was
only detected in the endosphere sample. For the Basidiomycota,
only Occultifur in the root endosphere and Ustilaginaceae in the
shoot surface were found. Ascomycota such as Didymellaceae,
Phaeosphaeriaceae and Clonostachys were also identified as core
for the root endosphere.

Core microbiome found in seedlings were compared to
those found in seed samples (Eyre et al, 2019). Generally,
the seed bacteria core was a subset of the seedling except for
Franconibacter found in grain. Genera of Methylobacterium,
Aureimonas, Rhizobium and Sphingomonas were consistently
detected in seed and seedling samples. However, for the
fungal core, genera contained in seedlings were a subset
of those contained in seed samples except for Clonostachys
and Ustilaginaceae. Pleosporales, Alternaria, Didymellaceae,
Phaeosphaeriaceae and  Occultifur were dominant in
seed samples while Fusarium was only detected as core
in the outer husk.

DISCUSSION

Microbes can colonize different plant compartments and prosper
on the outer surfaces as well as inside plant tissues (Turner
et al,, 2013; Berg et al.,, 2014). In this study, we first explored
the microbiome associated with rice seedlings derived exclusively
from seeds. For the seedling bacterial data, fewer ASVs were
detected in endosphere samples than surface samples. This may
due to physical as well as biochemical barriers that restrict
microbes from colonizing inside plants. In addition, the roots
harbored more ASVs than shoots, which may be a result of the
soil facilitating microbial growth within roots. However, a similar
pattern was not seen in the fungal data where limited ASVs
were detected in the root surface sample. Perhaps the method
of sample collection of roots, which involved gentle shaking to
remove debris and the method used for amplicon production
may explain the small number of ASVs in fungal data. Overall, the
percentage of shared ASVs in the 4 seedling compartments was
low both for fungi and bacteria, suggesting tissue compartment as
the driving factor of microbial communities. The PCoA analysis
further confirmed this conclusion.

When compared to the previous seed data (Eyre et al,
2019), shared bacterial as well as fungal ASVs constituted
a low proportion of the whole, indicating ASV composition
in the seeding is very different from seeds and development
plays an important role in proliferation of the rice associated
microbiomes. This was evident from the PCoA analysis. The high
proportion of seedling specific bacterial and fungal ASVs may
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due to the nutrient rich environment provided by soil and/or
nutrients released from seedlings during germination. As such,
rare microbes, possibly existing as fungal and bacterial spores
in the seed prospered in the seedlings and were identified as
unique ASVs (Darrasse et al., 2010; Huang et al., 2016; Johnston-
monje et al., 2016; Shade et al., 2017). However, it is also formally

possible that the seedling ASVs from sand result from DNA
contamination, present even in sterile sand.

For the bacterial microbiome, the ASV pool of the grain
contributed the least ASVs to the seedling while the outer
husk contributed the most. This may imply some valuable
function associated with the outer husk compartment, whereby
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TABLE 1 | Bacterial core seedling microbiome.

RE RS SE SS
Actinobacteria Microbacterium Amycolatopsis Amycolatopsis
(=, 1,1, 1) (=, —, 1,1) (= —,1,1)
Microbacteriaceae Microbacterium Microbacterium
(=, 1,1, 1) (=, 1,1,1) (=, 1,1,1)
Curtobacterium Microbacteriaceae Microbacteriaceae
(=1, —,-) (=, 1,1, 1) (=, 1,1,1)
Kineococcus Curtobacterium
(=1--) (== =1
Quadrisphaera
(=1--)
Proteobacteria Allorhizobium Allorhizobium Allorhizobium Allorhizobium
Alphaproteobacteria 2,2,1,1) 2,2,1,1) (1,1,1,1) (1,1, 1,1
Sphingomonas Sphingomonas Sphingomonas Sphingomonas
4,2,1,1) (2,7,2,2 (1,2,2,2) (1,2,2,2)
Methylobacterium Aureimonas Aureimonas Aureimonas
4,2,1,1) (-, 2,1,1) (=, 1,1, 1) (=, 1,1,1)
Novosphingobium Rhizobiaceae Rhizobiaceae Rhizobiaceae
1,1, -, -) (= 1,1, 1) (=, 1,1, 1) (=, 1,1,1)
Aureimonas Methylobacterium Methylobacterium Methylobacterium
1, - - -) (2,3,1,1) (1,1,1,1) 2,1,1,2
Novosphingobium
t1,--)
Roseomonas
(=2 - -)
Belnapia
(=1--)
Proteobacteria Pantoea Pantoea Pantoea Pantoea
Gammaproteobacteria 2,2,1,1) (2,6,1,1) (1,1,1,1) (1,1, 1,1
Xanthomonas Luteibacter Xanthomonas Xanthomonas
1, 1,11 (=1, —,-) (1,1,1,1) (1,1, 1,1)
Herbaspirillum Pseudomonas Cupriavidus Pseudomonas
1---) (=3 -2 (= =1-) (=2 -2
Massilia
(=1 =)
Xanthomonas
(1,1,1,1)
Bacteroidetes Mucilaginibacter Chryseobacterium Chryseobacterium
@2 -1 (=1--) (===
Mucilaginibacter Mucilaginibacter
2,3 -1 (1,1, —,1)
Firmicutes Paenibacillus Paenibacillus Paenibacillus

1,1, —,1)

(1,8, —1)

1,1, —,1)

The bacterial ASVs and their representative taxa shared between all samples of a seedling compartment. The numbers in parentheses represent the number of ASVs
belonging to the bacterial taxa that are shared with other compartments in order according to the header. The bold number represents the number of ASVs belonging to
the compartment of interest (RE, Root Endosphere; RS, Root Surface; SE, Shoot Endosphere; SS, Shoot Surface).

microbes are recruited from the parent plant during growth and
development and may confer some benefit to rice growth. When
the seeds germinate, those microbiome from the outer husk are
thus recruited again to favor rice seedlings. Microbes from the
grain compartment on the other hand, may be highly specialized
and do not thrive as robustly as epiphytes during seedling growth
due to unsuitable living environment and resource limitations
(James et al., 2002; Compant et al., 2010; Turner et al., 2013).

The total number of fungal ASVs of seeds and seedlings
were similar. However, the amount of shared ASVs between
seeds and seedlings were extremely low. This may be result of
the methods used for sample collection, amplicon production
and two independent sequencing data processing for seed and
seeding. Alternatively, germination and development play a
major role in establishment of the seedling fungal community.

Many fungi found in the seeds may be opportunistic saprophytes
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TABLE 2 | Fungal core seedling microbiome.

RE RS SE SSs
Ascomycota Pleosporales Pleosporales Pleosporales
Dothideomycetes 1, 1,1 (1, —,2,1) 1,-,2,1)
Alternaria Alternaria
2 —,1,-) 2, -1,-)
Didymellaceae
1 ---)
Phaeosphaeriaceae
1 ---)
Ascomycota Sordariomycetes Fusarium Fusarium Fusarium
1,1,1,-) (1,1,1,-) (1,1,2,-)
Clonostachys
1 --=-)
Basidiomycota Occultifur Ustilaginaceae

---)

(===

The fungal ASVs and their representative taxa shared between all samples of a seedling compartment. The numbers in parentheses represent the number of ASVs
belonging to the bacterial taxa that are shared with other compartments in order according to the header. The bold number represents the number of ASVs belonging to
the compartment of interest (RE, Root Endosphere; RS, Root Surface; SE, Shoot Endosphere; SS, Shoot Surface).

and are readily lost and fall to levels below our limits of detection
during seedling growth (Afkhami and Rudgers, 2008; Marquez
et al, 2012). Nevertheless, the outer husk and outer grain
compartments contributed the most fungal ASVs to the seedling
which may be due to the high diversity of fungi associated with
those two compartments (Figure 2).

Different field conditions and agricultural activities alter the
microbial community (Buyer et al.,, 1999; Hacquard, 2016), as
may genetic differences of host plants (Peiffer et al., 2013). In
this study, it was the tissue compartment that proved to be the
principal driving factor of microbial community. This discovery
also suggested that there may be core microbiome consistently
associating with rice plants regardless of location, genotype and
harvesting time. Additional studies using rice representing more
diverse genotypes from more growing locations and harvesting
years would be needed to confirm conclusions obtained in this
study. In fact, little is known about the mechanisms for microbial
community build up. More knowledge is needed regarding the
interaction between host and microbiome as well as interaction
among different microbial communities (Lau and Lennon, 2011;
Cordero and Datta, 2016; Henry et al., 2016).

Taxa composition of tissue compartments revealed here
are consistent with previous studies related to microbiome
communities associated with plants (Fischer et al., 2012;
Lundberg et al, 2012; Sessitsch et al., 2012; Vorholt, 2012;
Bodenhausen et al., 2013; Bulgarelli et al., 2013; Schlaeppi and
Bulgarelli, 2015). Similar taxon compositions were detected in
the root endosphere and on the root surface, indicating that
both of those two compartments inherited similar microbial taxa
from seeds. However, some differences were noted, indicating
that the endosphere may impose some selection mechanisms.
More Pseudomonas and Massilia accumulated in root endosphere
rather than on the root surface and those microbes are strongly
linked to plant growth promotion. It is noteworthy that ASV
abundance was also analyzed in addition to read abundance.

In a number of instances, taxa showed dramatic differences in
read abundance compared to their taxonomic (ASV) abundance.
For those who had lower proportion of read abundance but
higher ASV abundance such as Actinobacteria in roots, it may
suggest a higher evolution potential for this specific taxon. On
the contrary, for the Rhizobium genus from Alphaproteobacteria,
ASV abundance in seedlings was lower than read abundance,
suggesting ASV's detected in this genus are quite conservative.

A point worth highlighting is that though not detected in
seeds, Bacteroidetes (29%) and Firmicutes (3%) were detected in
seedling samples. It is likely that Bacteroidetes and Firmicutes
exist in the seed samples in the first place, but the amount of
those bacteria fell below our limits of detection in seeds. Previous
research had identified Bacteroidetes and Firmicutes associated
with rice seeds (Okunishi et al., 2005; Mano et al., 2006; Zhang
et al., 2019). The reason they were identified elsewhere may
be because they were either isolated bacteria from culturable
colonies (Okunishi et al., 2005; Mano et al., 2006) or larger sample
amounts for gDNA were used (Zhang et al., 2019). Also, the
rice varieties and rice growing conditions were different from
our studies, which may have enhanced these taxa in seeds. It is
likely that during the process of rice germination, rich nutrients
either from rice shoots and roots or soil facilitate the thriving
of Bacteroidetes and Firmicutes. Moreover, those bacteria may
promote rice growth, generating a mutualism interaction with
rice (Urai et al., 2008; Madhaiyan et al., 2010a; Koberl et al,,
2011). In fact, considerable microbiome research has revealed a
close relationship of rice plants with Bacteroidetes and Firmicutes
(Mano and Morisaki, 2008; Raweekul et al., 2016; Lu et al., 2018),
consistent with our findings for seedlings.

Proteobacteria, which predominated root endosphere
compartments (Cluster B Figure 6A), likely represent specific
root endophytes. Other Proteobacteria dominated the root
surface (Cluster E), indicating those bacteria live in association
with roots and were not selected as endophytes. Cluster A
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revealed taxa found in the seed that remained in the seedling
compartments. This cluster is made up of Paenibacillus,
Acidovorax, Pedobactet, Rhizobium, Microbacterium, and others.
It is not known how exactly these taxa are selected, but they may
be of particular interest.

From the fungal clustering analysis, taxa were generally found
to be associated with specific compartments. Taxa enriched
in the root endosphere sample (Cluster A) were identified
as Ascomycota. Gibberella which can infect rice and produce
gibberellin was present in this cluster and gibberellin is a
growth hormone promoting cell elongation, flower formation
and seedling growth (Cerda-Olmedo et al., 1994; Zainudin et al,,
2008). Furthermore, members of the genus Clonostachys found in
this cluster have been developed as biological control agents (Xue,
2003; Jensen et al., 2004; Rodriguez et al., 2011).

An important goal of this work was to define a core
microbiome of rice for both bacteria and fungi as these may
represent microbes that confer beneficial properties. A number of
core bacteria were identified, such as Rhizobium-Allorhizobium-
Pararhizobium-Neorhizobium that can fix nitrogen and colonize
inside plant tissue. These microbes have been also found
colonizing roots of non-legume crops such as wheat, barley,
maize and rice and could be used as biofertilizer through
bio-inoculating with crop seeds (Boddey et al., 1995; Webster
et al.,, 1997; Yanni et al., 1997; Gutierrez-Zamora and Martinez-
Romero, 2001; Lupwayi et al., 2004; Chi et al., 2005; Da et al,,
2011; Ren et al., 2011; Mousavi et al., 2014, 2015). Species from
the genus Pantoea (Monier and Lindow, 2005) have been found
as part of the epi- and endophyte flora of various plant hosts. They
are considered to be phosphate-solubilizing microorganisms
(PSMs) and may be valuable to solubilize inorganic phosphates
(Son et al., 2006; Coutinho and Venter, 2009). Pseudomonas,
Bacillus, and Enterobacter are also known as PSMs (Raj et al,,
1981; Laheurte and Berthelin, 1988). A rice endophyte Pantoea
agglomerans YS19 was further demonstrated to have nitrogen-
fixing activity, producing phytohormones that can improve rice
biomass and affect allocations of host photosynthates (Feng
et al.,, 2006). This species was also found to have anti-disease
properties that protect pear and apple from B. cinerea, Penicillium
expansum, and Rhizopus stolonifer (Nunes et al., 2001; Nunes
et al., 2002). Furthermore, P. agglomerans may also regulate
water content of wheat rhizosphere by improving soil aggregation
(Amellal et al., 1998). Siderophores and hydrocyanic acid (HCN)
are produced by Pantoea which may help with ion absorption and
disease control (Selvakumar et al., 2008). However, this genus also
contains species that can cause disease on a wide range of host
crops as well as human beings (Brenner et al., 1984; Coutinho
and Venter, 2009; Kido et al., 2010).

Sphingomonas, also detected as a core bacteria occurs in a
diverse range of environments, are metabolically flexible and
can consume environmental contaminants (Miyauchi et al,
1999; Aylward et al., 2013). Members of this genus can
remediate heavy metals and decompose various pesticides
(Miller et al, 2010; Liu et al, 2014). Sphingomonas sp.
LK11 alleviates salinity stress in Solanum pimpinellifolium
(Khan et al., 2017). Sphingomonas panaciterrae sp. nov. was
demonstrated to promote plant growth through production

of indole-3-acetic acid (IAA) (Sukweenadhi et al., 2015). They
were also shown to protect Arabidopsis thaliana against
bacterial pathogens (Innerebner et al., 2011). Another core
bacteria Paenibacillus genus have a broad host range and
have been demonstrated to have properties such as nitrogen
fixation, bioremediation, and promoting plant growth through
production of phytohormones including auxin, indole and
phenolic compounds. They can also combat plant pathogens
and pests by producing antibiotics (Gardener, 2004; Lal and
Tabacchioni, 2009; Govindasamy et al., 2010). P. polymyxa can
enable host drought tolerance (Shiao and Huang, 2001) as well
as confer “Induced systemic resistance” (ISR) in Arabidopsis
through the emission of volatile organic compounds (VOCs)
(Lee et al., 2012).

Other core genera, including members of the genus
Mucilaginibacter are known to have plant-growth-promoting
properties and some species have been isolated from dried rice
straw in addition to soil samples (Pankratov et al., 2007; Urai
et al.,, 2008; An et al., 2009; Jeon et al., 2009; Luo et al., 2009;
Baik et al., 2010; Madhaiyan et al., 2010b). Methylobacterium
species were shown to promote plant growth through producing
different phytohormones and have been isolated from various
plants (Kutschera, 2007). They were also known to solubilize
calcium phosphate and fix nitrogen (Subhaswaraj et al., 2017).
Bacterial species from Xanthomonas and Pseudomonas may
cause plant disease in some circumstances while other species of
Pseudomonas can also promote plant growth (Cole et al., 2015;
Park et al., 2015). Given their known properties, it is likely many
of the core bacteria described here have potential to be developed
as biologicals for modern agriculture.

Examination of the core fungi associated with rice seedlings,
revealed several genera with known biological properties,
including members of the Alternaria genus. These fungi
are ubiquitous in the environment and commonly act as
opportunistic plant pathogens (Al-Hatmi et al., 2016). More than
100 plant species can be infected by Alternaria species which
can cause leaf spot and other diseases (Rotem, 1994). However,
some Alternaria species also have biocontrol potential against
other plant diseases. A. zinniae, A. eichhornia, and A. cassiae are
commercially available for weed control (Walker and Sciumbato,
1979; Walker, 1980; Aneja and Singh, 1989; Babu et al., 2002).
Occultifur species are basidiomycetous yeasts and usually use
plant leaves and soil as important and interrelated habitats
(Khunnamwong et al., 2015, 2017). Some species have been
reported as mycoparasites, whereas one species has been reported
as a saprophyte (Roberts, 1997; Khunnamwong et al., 2015).
Members of the family Didymellaceae inhabit a wide range of
ecosystems (Chen et al, 2017) and most of them are plant
pathogens of a wide range of hosts (Aveskamp et al., 2008,
2010; Chen et al., 2015), however, they also comprises several
species recognized as endophytic, fungicolous and lichenicolous
fungi (Yang et al., 1994; Sullivan and White, 2000; Hawksworth,
2003; Hawksworth and Cole, 2004; Diederich et al., 2007; Schoch
et al., 2009). Those core fungi also can be candidates for
biocontrol uses.

Filamentous core fungi from the genus Fusarium are widely
distributed in plants, soil, water and are abundant members
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of the soil microbial community. Most species are harmless
while some species can cause diseases of plants as well as
animals. Many products from agriculturally important crops
can be contaminated by Fusarium spp., which can be of
concern because of highly toxic metabolites produced by some
species (Rippon, 1982; Walsh and Dixon, 1996; Nowicki et al.,
2012). Most species from the order Pleosporales are harmless
saprobes while there are also species associated with plants as
parasites, epiphytes and endophytes (Zhang et al., 2009). The
corresponding ASVs could be only assigned to Pleosporales at the
order level rather than species level, indicating further research is
needed to accurately characterize the role of fungi in this order.
Fungi from Gibberella can infect rice and produce gibberellin,
a plant hormone promoting cell elongation, flower formation
and seedling growth (Cerda-Olmedo et al., 1994; Zainudin et al.,
2008). Clonostachys rosea f. rosea from the Clonostachys genus
is a plant endophyte and has been used as a biological pest
control agent against fungi such as B. cinerea as well as nematodes
(Toledo et al., 2006; Zhang et al., 2008).

In this research, we identified and characterized the
microbiome associated with rice seedlings in a sterile
environment. However, the main purpose for this research
is to understand the dynamics of microbiota shift from rice
seeds to seedlings. Seed-borne microbes is of great interest to
researchers because those microbes can be vertically transmitted
to next generation (Barret et al.,, 2015; Cope-Selby et al., 2017;
Mitter et al., 2017; Shahzad et al., 2018). During the transmission,
phyto-beneficial bacteria and fungi inherited from seeds can
promote seedling growth as well as mitigate plant stress damage
(Mitter et al., 2017; Shahzad et al., 2018). Knowledge about
the microbiota shift from rice seeds to rice seedlings can help
uncover what microbes have been transmitted vertically and
how well they proliferate. Transmitted microbes showing high
abundance in seedlings have great potential to be selected
by rice as phyto-beneficial microbes. This will further instruct
microbiome inoculant engineering to benefit modern agriculture.
The use of a sterile environment to monitor shifts in microbiome
populations has been used in other studies (Hardoim et al,
2012; Huang et al,, 2016; Mitter et al., 2017; Torres-Cortés
et al, 2018). However, there is limited data about how rice
seed-borne microbes change during the development process.
Our research provides the first detailed description of dynamic
microbiota shifts from rice seeds to rice seedlings. Rice seeds of
different genotype harvested from different locations at different
time allowed us to gain novel insight into these population
shifts and the core microbiome associated with seedlings tissue
compartments. Further experiments with more varieties and
sources of seeds are needed to confirm and extend our findings
as well as additional studies to compare population shifts of seeds
planted in natural soils.

An initial comparison between our findings and other datasets
collected from natural conditions revealed some consistent
patterns. Edwards and colleagues (Edwards et al., 2018) found
tissue compartments and rice development age were more
important factors shaping microbiome than growth location.
Wang and colleagues detected more diverse bacterial ASVs
in roots than stems while fungal ASVs were more diverse in

stems than roots (Wang et al., 2016). Although the identified
microbiome varied somewhat between different experimental
set ups, similarities in the distribution of phyla are apparent,
in line with our key findings. For example, Proteobacteria,
Actinobacteria, Bacteroidetes and Firmicutes were consistently
detected as bacterial phyla associated with rice while Ascomycota
and Basidiomycota were found to be dominant fungal phyla
(Mano and Morisaki, 2008; Edwards et al., 2015; Bertani et al,,
2016; Raweekul et al., 2016; Venkatachalam et al., 2016; Lu et al,,
2018; Thapa et al., 2018).

In sum, this study addressed the question of what happens
to microbes present in seeds during seedling germination and
how are they distributed to above and below ground tissues.
Their retention (and loss) and distribution patterns during
seedling growth also provides some insight into why they
are there. Because the productivity and health of agricultural
systems depend greatly upon the functional processes carried
out by the plant-associated microbiome, to further examine the
question “what are they doing there?” will need further functional
analysis of these core microbes. If their function is beneficial
and given they are core, they may be persistent and represent
valuable biologicals.

The findings of this research support the hypothesis that
the process of germination changes the microbial community
inherited from seeds and partitions it into the above and
below ground tissues. Certain microbes remain associated with
specific tissue compartment and accumulate there to build a
core microbiome. Most importantly, the effect of rice genotype,
growth location and harvest year are not as strong a driving force
as tissue compartment on shaping the microbial community. The
common core microbiome of rice seedlings revealed by this study
offer promise that we can develop and apply universal microbial
inoculant to benefit global rice production.
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Plant growth-promoting rhizobacteria (PGPRs) are able to activate induced systemic
resistance (ISR) of the plants against phytopathogens. However, whether and how ISR
can be activated by PGPRs in plants of the Rosa genus is unclear. The effects of PGPR
Bacillus velezensis CLA178 and the pathogen Agrobacterium tumefaciens C58 on the
growth, plant defense-related genes, hormones, and reactive oxygen species (ROS) in
the rose plants were compared. Pretreatment with CLA178 significantly reduced crown
gall tumor biomass and relieved the negative effects of the C58 pathogen on plant
biomass, chlorophyll content, and photosynthesis of roses. Pretreatment of the roots
with CLA178 activated ISR and significantly reduced disease severity. Pretreatment with
CLA178 enhanced plant defense response to C58, including the accumulation of ROS,
antioxidants, and plant hormones. Moreover, pretreatment with CLA178 enhanced C58-
dependent induction of the expression of the genes related to the salicylic acid (SA) or
ethylene (ET) signaling pathways. This result suggested that SA- and ET-signaling may
participate in CLA178-mediated ISR in roses. Additional experiments in the Arabidopsis
mutants showed that CLA178 triggered ISR against C58 in the pad4 and jar7 mutants
and not in the etr7 and npr1 mutants. The ISR phenotypes of the Arabidopsis mutants
indicated that CLA178-mediated ISR is dependent on the ET-signaling pathway in an
NPR1-dependent manner. Overall, this study provides useful information to expand the
application of PGPRs to protect the plants of the Rosa genus from phytopathogens.

Keywords: induced systemic resistance, plant growth-promoting rhizobacteria, rose, crown gall disease,
hormone

INTRODUCTION

The Rosa genus consists of woody plants that are grown worldwide due to their importance in
horticulture, cosmetics, and medicine (Hassanein, 2010; Nadeem et al., 2015). This genus includes
approximately 200 species and 20,000 cultivars. Roses are typical ornamental plants and have been
developed as garden plants or for the cut rose market. Rose hips are used in food and medical
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applications; rose flowers are also cultivated for use in food
and rose oil production (Byrne, 2009). However, most rose
species are susceptible to crown gall disease caused by pathogenic
Agrobacterium strains, such as Agrobacterium tumefaciens (other
names: Agrobacterium fabrum or Rhizobium radiobacter; Marti
et al., 1999; Gan and Savka, 2018; Diel et al., 2019). Rose
plants infected by A. tumefaciens develop crown galls on the
basal portions of their stems and roots leading to reduced plant
growth. Crown gall disease impairs nutrient uptake, growth, and
production. Severe disease can cause death of the plants and
serious economic losses (Lopez-Lopez et al., 1999).

Plant diseases can be reduced by several methods, such
as application of chemical agents, transgenic approaches, and
biological control by the beneficial bacteria (Waard et al., 1993;
Dong et al, 2007; Liu et al, 2017). The biological control
method involving beneficial rhizobacteria is advantageous
for protection of the plants from pathogen attack due to
environmental safety. Plant growth-promoting rhizobacteria
(PGPRs) benefit plants by improving nutrient uptake, promoting
plant growth, antagonizing soilborne pathogens, and enhancing
plant resistance (Durdn et al., 2018; Stringlis et al., 2018b; Pascale
et al.,, 2020). Biocontrol using PGPR strains has been studied
in detail in agricultural crops, such as cucumber, maize, wheat,
soybean, lettuce, and barley; however, the application of PGPRs
in woody plants has not been well developed, and available
information on the subject is considerably lacking (Pieterse et al.,
2014; Berendsen et al., 2018).

PGPR can prime the plant immune system for rapid response
to a broad range of pathogens without direct contact with
the pathogens (Glazebrook, 2005; Yi et al, 2013; Stringlis
et al., 2018a). This type of resistance is called induced systemic
resistance (ISR). Induction of ISR is an efficient means of
biocontrol by PGPRs. ISR is long-lasting and continuously
protects the plants (Pieterse et al., 2014).

The mechanism of the onset of ISR triggered by PGPR is
incompletely understood; however, several stimulators have been
proposed, such as flagellin, lipopolysaccharides (LPS), volatile
organic compounds (VOCs), and siderophores (Romera et al.,
2019). In plants, jasmonic acid (JA)/ethylene (ET) signaling
pathways are important for the activation of ISR by PGPRs
(Glazebrook et al., 2003; Pieterse et al., 2014). However, in some
cases, salicylic acid (SA) signaling pathway is also involved in ISR.
For example, ISR in Arabidopsis triggered by B. cereus AR156
requires JA/ET and SA signaling pathways (Niu et al., 2011). Most
of the studies on ISR were performed in Arabidopsis or crops.
However, the signaling pathways involved in ISR may differ
between various plant species and microbes (Romera et al., 2019).

Bacillus species are the most widely used PGPR strains for
promotion of plant growth and protection of the plants against
biotic and abiotic stresses due to their stress tolerance (Nicholson,
2002; Borriss, 2011). Bacillus velezensis CLA178 is a beneficial
bacterium isolated from the rhizosphere soil of Rosa multiflora
that can negatively influence the C58 pathogen infection in
plants. In this study, CLA178 was shown to activate ISR against
crown gall disease in rose. Physiological analysis and evaluation
of the expression of the genes related to plant defense in rose
were performed in addition to comparison of ISR phenotypes of

various Arabidopsis mutants. These results provided insight into
the induction process.

MATERIALS AND METHODS

Isolation and Identification of
B. velezensis CLA178

Bacillus velezensis CLA178 was isolated from the rhizosphere
soil of Rosa multiflora. Its morphological characteristics were
observed on Luria-Bertani (LB) medium (5 g 17! yeast extract,
10 g 1! tryptone, 10 g I"! NaCl; pH 7.0-7.2) agar plates. The
16S rRNA gene of CLA178 was amplified from the CLA178
genome with the universal primers 27F and 1492R. The 16S rRNA
gene sequence and genome sequence of the CLA178 strain were
submitted to the NCBI GenBank.

The housekeeping gene rpoB of CLA178 was compared
with the sequences available in the NCBI GenBank. Multiple
alignments were performed by CLUSTAL_X software. The
phylogenetic trees were constructed with the MEGA 7 software.

Genome Sequencing and Genotypic

Characterization

The complete genome sequencing of the CLA178 strain was
performed by combining and Illumina MiSeq system and the
PacBio RSIT high-throughput sequencing technology at Shanghai
Personal Biotechnology Co., Ltd., China. The raw data were
filtered and trimmed by AdapterRemoval (ver. 2.1.7) and
SOAPec (ver. 2.0) (Luo et al., 2012; Schubert et al., 2016). The
reads of Illumina MiSeq system were assembled using A5-miseq
(ver. 20160825) and SPAdes genome assembler (ver. 3.11.1) with
default parameters (Bankevich et al., 2012; Tritt et al., 2012).
The reads of PacBio RSII were assembled into contigs using
HGAP4 and CANU (Chin et al., 2016; Koren et al., 2017). The
contigs obtained by Illumina MiSeq system and PacBio RSII were
analyzed collinearly using MUMmer (Delcher et al., 1999). The
quality of genome assembly was improved by the Pilon software
(Walker et al., 2014).

The relatedness of the genome sequence of CLA178 to the
complete genome sequences of related strains was determined
based on the average nucleotide identities (ANI). Genome
sequences in a pairwise comparison were split into 1,000 bp
windows and aligned with nucmer in MUMmer v3.23 (ANIm)
(Kurtz et al.,, 2004). ANI were calculated using JSpecies v1.2.1
(Meier-Kolthoff et al., 2014).

Plant and Growth Conditions
Rosa multiflora ‘Innermis’” stems were surface-sterilized with 75%
(vol:vol) ethanol and then with 2% (vol:vol) NaClO. The surface-
sterilized stems were cut into segments and grown in sterile
vermiculite with rooting powder or in 1/4 MS media containing
3% sucrose, 0.6% agar, 0.5 mg 17! 6-benzylaminopurine (6-
BA), and 0.2 mg 1~ ! naphthaleneacetic acid. Rosa multiflora was
cultivated at 25°C with a 14 h/10 h light/dark photoperiod.
Seeds of Arabidopsis thaliana ecotype Columbia (Col-0) and
the pad4 (Glazebrook et al., 1996), jarI (Staswick et al., 1992), etr]
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(Bleecker et al., 1988), and nprl (Cao et al., 1997) mutants were
sown in sterile vermiculite. Thirty-day-old seedlings were used
for the experiments. Arabidopsis thaliana (Arabidopsis) plants
were cultivated in a growth chamber at 25°C with a photoperiod
of 14 h of light and 10 h of darkness.

Strain Cultivation and Inoculation

Bacillus velezensis CLA178 and Agrobacterium tumefaciens C58
(other names: Agrobacterium fabrum, Rhizobium radiobacter;
ATCC 339707 = ACCC 100557; Marti et al., 1999) were cultured
at 30°C with shaking at 0.65 g (170 rpm, radium = 2 cm) for
10-12 h in LB medium. The cultures were then centrifuged and
resuspended in sterile phosphate buffer (PBS, pH 7.0).

To measure the crown gall tumor of the plants, the seedlings
were inoculated with PBS or B. velezensis CLA178 at a final
density of 5 x 10° CFU ml~! medium. On the second day,
the stem was infected with the pathogen A. tumefaciens C58
at a density of 10° CFU ml~! using a sterile needle (Song
et al., 2015). Sterile PBS was used as a negative control. The
rose and Arabidopsis seedlings were cultivated at 25°C with
a 14 h/10 h light/dark photoperiod for 20 days and 14 days,
respectively. The ratio of gall diameter/stem diameter (GD/SD),
disease incidence, and disease index were calculated based on
the analysis of 30 roses per site (five cuttings times 6 replicates
per treatment) or 36 Arabidopsis plants per site (6 seedlings
times 6 replicates per treatment). The disease index of rose
crown gall disease was determined based on the following revised
classification of Krastanova et al. (2010): 0 no galls; 1: small galls,
0 < GD/SD < 0.25; 2: medium galls, 0.25 < GD/SD < 0.75;
3: large galls, 0.75 < GD/SD < 1.25; 4: very large galls,
GD/SD > 1.25. The tumor size of Arabidopsis was determined
based on the following disease index: 0: no galls; 1: small galls,
0 < GD/SD < 1; 2: medium galls, 1 < GD/SD < 1.5; 3: large galls,
1.5 < GD/SD < 2; 4: very large galls, GD/SD > 2.

Measurement of the Photosynthetic Rate
and Chlorophyill

The photosynthetic rate was determined with a portable
photosynthesis measurement system (Li-Cor-6400; Li-Cor
Inc.). The chlorophyll content of fully expanded leaves was
calculated with a chlorophyll meter (SPAD-502 Minolta). These
measurements were calculated based on the analysis of six
biological replicates.

Measurement of Phytohormones,
Reactive Oxygen Species (ROS) and

Antioxidants

Surface-sterilized rose seedlings were cultured in a sterile
triangular flask containing 1/4 MS medium, and 11-week-old
seedlings were treated with CLA178 at a final density of 5 x 10°
CFUs ml~! for one day. After infection with C58 for 6, 24, and
48 h, fresh plant stems (0.1 g) were collected and homogenized
with 1 ml of PBS (pH 7.0). The homogenate was shaken at
4°C for 1 h and centrifuged. The supernatant was used to
measure the content of SA, JA, ET, or ROS with an ELISA kit
(Meimian Biotechnology Co., Ltd., Wu et al,, 2018; Lin et al,

2020). The catalase and peroxidase activity were determined by
the method reported by Chen et al. (2016). These measurements
were analyzed based on six independent experiments.

Transcription Analysis

The plant samples were flash-frozen in liquid nitrogen, and
the RNA was extracted with a Qiagen RNeasy plant mini Kkit.
The concentration and quality of the RNA were measured
with a NanoDrop ND-2000 spectrophotometer. The transcript
levels were determined by reverse transcription-polymerase
chain reaction using a PrimeScript RT reagent kit (Takara
Biotechnology Co.). Quantitative real-time polymerase chain
reaction (qQRT-PCR) was performed with TB Green™ Premix
EX TaqTM (Takara) using an ABI Quantstudio™ 3D digital PCR
system (Life Technologies).

The transcription levels were measured using RmACT
(ACTIN) as an internal reference. The following genes
were assayed: RmERFI (ETHYLENE-RESPONSIVE
TRANSCRIPTION FACTOR 1), RmNPRI (NON-EXPRESSER
OF PATHOGENESIS-RELATED GENES 1), RmAOS (ALLENE
OXIDE SYNTHASE), RmMYC2 (encoding the transcription
factor MYC2), and RmPRI-4 (PATHOGENESIS-RELATED
PROTEIN 1-4) with RmPR2 encoding B-1,3-glucanase, RmPR3
encoding basic chitinase, and RmPR4 encoding a hevein-like
protein. The primers for qRT-PCR are listed in Supplementary
Table S1. The amino acid sequences of the selected genes
from Rosa multiflora were aligned with the homologous genes
from Arabidopsis thaliana (Supplementary Figure S1). The
similarity of amino acid sequences of the selected genes from
R. multiflora with the homologous genes from A. thaliana was
analyzed (Supplementary Table S2). The specificity of the
amplification was verified by melting-curve analysis and agarose
gel electrophoresis. Relative transcription levels were calculated
using the 274 4 €T method based on three biological replicates
(Livak and Schmittgen, 2001).

Statistical Analysis

Differences between the treatments were statistically analyzed
using analysis of variance (ANOVA) and Duncan’s multiple
range tests (P < 0.05). SPSS version 25.0 was used for statistical
analysis (SPSS Inc.).

RESULTS

Identification of B. velezensis CLA178

The strain CLA178 with antagonistic activities was isolated form
the rhizosphere of healthy plants (Rosa multiflora) cultivated in
the Fangshan (Beijing, China) nursery in soils that are known
to be highly contaminated by pathogenic A. tumefaciens. The
cells of the CLA178 strain were rod-shaped, motile, and Gram-
positive and had the ability to form spores. The colonies on the
LB agar were wrinkled. The CLA178 strain was able to grow in
LB with 10% NaCl. The 16S rRNA and whole genome sequences
of CLA178 were obtained and deposited in GenBank under
the accession numbers MT071299 and CP061087, respectively.
The circular chromosome map of CLA178 was presented in
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Figure 1A. Analyses of the GenBank and EzBioCloud databases
revealed that the 16S rRNA gene sequence of CLA178 is
closely related to Bacillus species. The phylogenetic analysis
of the rpoB gene indicated that CLA178 belongs to Bacillus
velezensis (Figure 1B). Additionally, the relatedness of the
genome sequence of CLA178 to the genome sequence of related
Bacillus species was determined based on ANI. The ANIm
values of CLA178 to the type strain B. velezensis CBMB205 was
98.22%. Based on comparative analysis of the ANI values and
phylogenetic analysis of Bacillus species, CLA178 was classified
as B. velezensis (Kim et al., 2014; Miller et al., 2016; Fan et al.,
2017; Rabbee et al., 2019).

B. velezensis CLA178 Enhances Plant
Biomass Under Crown Gall Disease

Stress

To determine whether CLA178 is a PGPR, the impact of
B. velezensis CLA178 on plant growth was measured. B. velezensis
CLA178 enhanced leaf area and root biomass of rose plants
indicating that CLA178 is the plant growth-promoting strain
(Figures 2A-C). To assess the effect of B. velezensis CLA178
on growth of rose under crown gall disease stress, rose
plants were preinoculated with CLA178 for one day in the
rhizosphere before infection with A. tumefaciens C58. The
indexes of plant growth and physiology were evaluated. The
negative effect of infection of the stem by C58 on rose plants
was evaluated at 30 days post inoculation (dpi). The results
showed that the fresh root weight and leaf area of rose were
significantly decreased after inoculation with A. tumefaciens
C58 (Figures 2A-C). However, preinoculation with CLA178
before infection of the plant with C58 significantly reduced
the negative effect of C58 on root biomass and leaf area
(Figures 2A-C). Preinoculation with CLA178 also restored a

reduction in chlorophyll and photosynthesis caused by C58 in
rose (Figures 2D,E). These results indicate that CLA178 can
suppress the negative effect of C58 on rose.

B. velezensis CLA178 Induces Plant
Resistance to A. tumefaciens C58

Infection

To investigate whether B. velezensis CLA178 influences the
interaction between rose and the pathogen to suppress the
negative effect of C58 on the plants, the crown gall tumors
of rose plants caused by C58 were evaluated. At 20 dpi with
the A. tumefaciens C58 pathogen on the stem, rose plants
pretreated with sterile PBS showed typical symptoms of crown
gall tumors (Figure 3A). Preinoculation of CLA178 before the
plant was infected with C58 resulted in a significant reduction
in the GD/SD ratio relative to that in the C58 infection without
preinoculation (0.25 vs. 0.99; Figure 3B). After plants were
infected with C58, the disease incidence and disease index of the
rose plants preinoculated with CLA178 were significantly lower
than those in plants without preinoculation (disease incidence of
23.3 vs. 80% and disease index of 7.5 vs. 57.5%; Figures 3C,D).
The biocontrol efficacy of CLA178 was 87% (Figure 3E). These
results indicated that B. velezensis CLA178 can induce systemic
resistance of rose against crown gall disease independently of
direct contact with the pathogen.

Reactive Oxygen Species Content and
Antioxidant Activity Induced by the

Strains

To analyze the impact of preinoculation of CLA178 on rose
resistance to the C58 pathogen, certain physiological indexes
were determined. The accumulation of ROS is an important
signal involved in the plant immune response (Rojas et al., 2014).
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FIGURE 2 | Effect of Bacillus velezensis CLA178 on biomass of rose under crown gall disease stress. (A) Representative image of rose inoculated with the strains for
30 days. The leaf area (B}, root fresh weight (C), photosynthetic rate (D), and chlorophyll content (E) of rose were determined. The rose plants were infected with
C58 one day after inoculation with CLA178. The untreated and CLA178-pretreated rose plants treated with PBS (control) or infected with the C58 pathogen infection
are shown. The values are the mean + SD. Different letters above the bars indicate significant differences between the treatments (Duncan’s least significant
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Pretreatment with CLA178 enhanced the C58-induced ROS
accumulation at 6, 24 and 48 h after C58 infection. Thus,
pretreatment with CLA178 may enhance plant defense response
when the plant was challenged with C58. Additionally, treatment
with CLA178 without infection did not induce continuous ROS
accumulation in the plant (Figure 4A).

Antioxidants are responsible for scavenging excessive ROS,
and their activity always corresponds to the ROS content.

The results of the assays of antioxidants were similar to the
data obtained by the ROS accumulation assay. Agrobacterium
infection alone induced only a slight increase in CAT activity
at 48 h post infection. However, pretreatment with CLA178
significantly enhanced CAT activity at 6, 24 and 48 h after
C58 infection (Figure 4B). Moreover, in plants pretreated
with CLA178, the CAT activity was significantly increased
upon C58 infection at 48 hpi (Figure 4B). The activity of

Frontiers in Microbiology | www.frontiersin.org

87 October 2020 | Volume 11 | Article 587667


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Chen et al.

B. velezensis CLA178 Induced Rose Resistance

FIGURE 3 | Effect of Bacillus velezensis CLA178 on crown gall tumor caused by Agrobacterium tumefaciens C58 in rose. (A) Representative image of rose
inoculated with strains for 20 days. The GD/SD (B), disease incidence (C), disease index (D), and biocontrol efficacy (E) in various treatments were measured in 30
plants. The rose plants were infected with C58 one day after inoculation with CLA178. The untreated and CLA178-pretreated rose plants with or without the C58
infection are shown. The values are the mean + SD. nd, not detected. The same capital letter indicates the same index. Different lowercase letters of each index
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POD was also determined, and no significant differences were
observed between various treatments (Figure 4C). Overall, our
results indicate that CLA178-primed rose plants have enhanced
defense response to C58, including ROS accumulation and
increased CAT activity.

Phytohormones Induced by B. velezensis
CLA178

The phytohormones SA, JA, and ET are involved in the
defense responses and play important roles in the plant-microbe
interactions. To investigate whether these phytohormones are

involved in the defense response induced by CLA178, the levels
of SA, JA and ET in the plants were measured. The contents of
JA and SA in the CLA178-pretreatment group were significantly
higher compared with those in the untreated group regardless
of C58 infection; however, in CLA178-pretreated and untreated
plants, C58 did not strongly influence the contents of JA and SA
in the plants (Figures 5A,B). Infection with C58 increased the ET
content at 6 h and 24 h after the infection in CLA178-pretreated
and untreated plants. However, at 48 h after the infection, C58
induced ET accumulation only in CLA178-pretreated plants and
not in the untreated plants (Figure 5C). This result indicates that
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FIGURE 4 | ROS content and CAT and POD activities in rose inoculated with FIGURE 5 | Phytohormone contents in rose. The plant tissues were harvested
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and 48 hpi after Agrobacterium infection. ROS content (A) and CAT (B) and ethylene contents (C) in rose were determined. Sterile PBS was used as a
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statistically significant differences between the treatments (Duncan’s least
significant difference, P < 0.05, n = 6).

ET may play an important role in CLA178-induced plant defense
against pathogenic Agrobacterium.

Defense-Related Genes Rby

B. velezensis CLA178

The SA, JA and ET-signaling pathways are important for
ISR in the plants. To identify the pathway(s) regulated by
CLA178, which may be responsible for CLA178-induced ISR,
the transcription of plant genes involved in the SA-, ET-
and JA-signaling pathways was measured using qRT-PCR. The
descriptions of these genes are provided in Supplementary
Table S1. RmPRI1 and RmPR2 are involved in the SA-related
pathway. RmAOS and RmMYC2 are involved in the JA-related

pathway. RmERFI and RmPR4 are involved in the ET-related
pathway. RmPR3 is involved in the ET- and JA-related pathways.
In plants infected with C58, the transcription of these genes
was significantly upregulated by CLA178 pretreatment at 6, 24
and 48 hpi (Figures 6A-C). In untreated plants, the levels of
upregulated genes induced by Agrobacterium infection at 6 hpi
were higher than those at 24 and 48 hpi. In CLA178-pretreated
plants, the transcription of the genes involved in the SA- and ET-
related pathways was continuously upregulated at 6, 24, and 48 h
post C58 infection; however, the transcription of RmAOS and
RmMYC2 involved in the JA-signaling pathway was not induced
in plants infected with C58 at 48 hpi (Figures 6A-C). These
data suggest that the induction of the genes of the SA- and ET-
signaling pathways is involved in the CLA178-induced systemic
resistance against C58.
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lowercase letters indicate statistically significant differences between the plants subjected to various treatments (Duncan’s least significant difference, P < 0.05).

Signaling Pathway Dependence of
B. velezensis CLA178-Mediated ISR

Then, we assessed whether blocking the signaling pathways
disrupts the induction of ISR by CLA178. The resistance of wide-
type Arabidopsis Col-0 (WT) and the defense-signaling mutants
pad4 (SA biosynthesis defective mutant phytoalexin deficient 4),
jarl (JA response mutant), etrl (ET response mutant), and nprl
(non-expresser of PR genes mutant) against C58 infection after
induction by CLA178 was compared to confirm our findings.
Preinoculation with CLA178 led to a significant reduction in the
ratio of GD/SD, disease incidence, and disease index in WT, pad4,
and jarl, but caused no significant reduction in these parameters

in the etr] and nprl mutants at 14 dpi (Figure 7). The biocontrol
efficacy of CLA178 against crown gall disease in WT and the jar1l
mutant was higher than that in pad4 (Figure 7E). These results
indicate that the ET-signaling pathway and NPR1 are necessary
for the CLA178-induced ISR in the plants.

DISCUSSION

Crown gall disease is destructive to the production of many
plant species of the Rosaceae family, such as cherry, peach,
and pear trees (Gupta et al., 2010). PGPRs have been reported
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to protect woody plants from pathogen infection by direct
antagonism; however, indirect protection of woody plant based
on the induction of systemic resistance is poorly understood
(Baltruschat et al., 2008; Compant et al., 2013). In this study,
preinoculation with B. velezensis CLA178 induced rose resistance
against the crown gall disease pathogen C58. Pretreatment with
CLA178 enhanced an increase in ROS, SA, and ET contents
upon C58 infection. The genes of the SA- or ET-signaling
pathways were continuously induced by CLA178 pretreatment in
rose plants after Agrobacterium infection. We hypothesized that
CLA178 primes the rose plants for enhanced defense response
to pathogenic A. tumefaciens C58, and the SA- and ET-signaling
pathways may be involved in CLA178-induced ISR in rose.
Subsequent experiments showed that CLA178 failed to induce
the resistance against C58 in the nprl and etrl Arabidopsis
mutants indicating that the ET-signaling pathway and NPR1 are
necessary for CLA178-induced ISR against crown gall disease
in Arabidopsis. This study may contribute to the biocontrol of
crown gall disease in these plants.

PGPRs can promote rose growth (El-Deeb et al., 2012; Tariq
et al., 2016); however, their biocontrol effect has not been
evaluated in detail. Rosa multiflora, a typical species of the Rosa

genus with high ornamental and economic value, often suffers
from crown gall disease. Crown gall disease in other plants can
be suppressed by Agrobacterium rhizogenes K84, Agrobacterium
vitis VARO3-1, Agrobacterium vitis E26, Rahnella aquatilis HX2,
etc., (Wang et al,, 2003; Kawaguchi et al., 2008; Guo et al., 2009;
Compant et al., 2013). However, most known biocontrol strains
used to suppress crown galls are close relatives of the pathogenic
“Agrobacterium” strains; thus, it is possible that non-pathogenic
Agrobacterium biocontrol strains acquire virulence plasmids or
produce them via a mutation (Mauck et al., 2010). This study is
the first to demonstrate that B. velezensis CLA178 significantly
reduces incidence of crown gall disease in rose by inducing ISR.
Moreover, B. velezensis is non-pathogenic and environmentally
safe to use than other closely related Agrobacterium species.
Plant immunity can be triggered by certain beneficial or
pathogenic microbes. Oxidative burst is an early event that is
always accompanied by MAMP-triggered immunity (MTI) or
PAMP-triggered immunity (PTI) (Zamioudis and Pieterse, 2012).
However, ROS accumulation in the plants was not increased
by C58 in agreement with the data of some previous studies
(Lee et al.,, 2009). In addition to a slight increase in CAT activity
observed in plants at 48 hpi, CAT produced by C58 plays
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an important role in scavenging ROS produced by the plants
in the early stage (Xu and Pan, 2000). The transcription of
certain defense-related genes in the plants treated with C58 was
minimized 24 hpi. The expression of these genes was suggested to
be inhibited by T-DNA or vir proteins (Veena et al., 2003).

To investigate the molecular mechanisms of CLA178
induction of plant resistance to A. tumefaciens C58, the
transcription of the genes involved in the SA-, JA-, and ET-
signaling pathways was determined in rose, and the infection
was assayed using related Arabidopsis mutants. The results
indicate that the genes involved in the SA- or ET-signaling
pathway were continuously induced by Agrobacterium in rose
plants pretreated with CLA178; however, genes involved in the
JA-signaling pathway were not induced. The investigation of
gene transcription suggested that the SA- and ET- signaling
pathways may be involved in ISR activated by B. velezensis
CLA178 against crown gall disease in rose. The results obtained
using various ISR phenotypes of the defense signaling mutants of
Arabidopsis suggest that CLA178-induced ISR against crown gall
disease in Arabidopsis is dependent on the ET-signaling pathway
in an NPRI1-dependent manner. PAD4 plays an important
role in the SA-signaling pathway (Tsuda et al., 2008; Dempsey
et al,, 2011). CLA178 induces weaker ISR in the pad4 mutant
(Figure 7E). This result suggests that the SA-signaling pathway
may be involved in CLA178-induced ISR.

Phytohormones can influence crown gall disease (Gohlke
and Deeken, 2014). The SA content in rose was enhanced by
PGPR CLA178 regardless of C58 infection; an increase in SA
can repress the conjugal transfer of the Ti plasmid to reduce
the virulence of C58 and modulate rhizosphere colonization by
specific bacterial families to strengthen the plant immune system
(Yuan et al, 2007; Lebeis et al., 2015). The accumulation of
ET was observed in rose after CLA178 pretreatment or C58
infection, and ET accumulation was more intense in plants
inoculated with a combination of CLA178 and C58. Upon the
initiation of infection, ET in combination with indole acetic
acid (IAA) is essential for growth of the tumors; however, ET
suppresses the vir gene expression during the transformation
(Lee et al., 2009; Gohlke and Deeken, 2014). The defense-related
genes involved in the JA-signaling pathway were significantly
influenced by infection with C58; however, the JA content of the
rose plants was not significantly increased by C58 (Lee et al.,
2009; Gohlke and Deeken, 2014; Song et al., 2015). Some studies
demonstrated that the expression of the genes related to the
hormone signaling and biosynthesis can be different, and the
hormone signaling pathways can be activated by low levels of the
hormones (Lee et al., 2009; Pieterse et al., 2014; Song et al., 2015;
Wu etal., 2018). The JA content in rose was increased by CLA178
pretreatment; however, the expression of the genes involved
in the JA-signaling pathway was not continuously induced by
CLA178 in rose plants. Moreover, the jarl Arabidopsis mutant
was still able to acquire CLA178-induced resistance. These
results indicate that JA is not essential for ISR activated by
CLA178. Moreover, the JA and ET contents in Arabidopsis leaves
were not altered by PGPR Pseudomonas fluorescens WCS417r.
WCS417r-mediated ISR in Arabidopsis depends on sensitivity to
JA and ET (Pieterse et al., 2000). However, in this study, PGPR

CLA178 enhanced the levels of these phytohormones in rose.
Phytohormone accumulation was also observed in Arabidopsis
treated with PGPR B. amyloliquefaciens SQR9 (Wu et al., 2018).
The difference in the results may be due to different microbial
and plant species.

In conclusion, B. velezensis CLA178 can suppress the negative
effect of C58 on rose and induce systemic resistance against
crown gall disease in Arabidopsis via the ET-signaling pathway
in an NPRI1-dependent manner. This study suggests that
application of B. velezensis PGPR strains can be used to
induce resistance against crown gall disease in woody plants in
agroforestry production.
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Beneficial rhizobacteria dwell in plant roots and promote plant growth, development, and
resistance to various stress types. In recent years there have been large-scale efforts to
culture root-associated bacteria and sequence their genomes to uncover novel beneficial
microbes. However, only a few strains of rhizobacteria from the large pool of soil microbes
have been studied at the molecular level. This review focuses on the molecular basis
underlying the phenotypes of three beneficial microbe groups; (1) plant-growth promoting
rhizobacteria (PGPR), (2) root nodulating bacteria (RNB), and (3) biocontrol agents (BCAS).
We focus on bacterial proteins and secondary metabolites that mediate known phenotypes
within and around plants, and the mechanisms used to secrete these. We highlight the
necessity for a better understanding of bacterial genes responsible for beneficial plant
traits, which can be used for targeted gene-centered and molecule-centered discovery
and deployment of novel beneficial rhizobacteria.

Keywords: beneficial bacteria, plant growth promoting bacteria, biocontrol agents, root nodulating bacteria,
rhizosphere, effectors, secretion systems

INTRODUCTION

The term rhizosphere was first defined by Hiltner, who described it as the soil compartment
influenced by the root (Hiltner, 1904). The rhizosphere differs from the surrounding bulk soil and
the plant endophytic compartment in microbial diversity (Hacquard et al., 2015) and its members
influence the release of root exudates. Root exudates are responsible for shaping the microbial
community structure, including attraction of beneficial microbes (Clark, 1949; Zhalnina et al., 2018;
Korenblum et al., 2020). After successfully colonizing plant roots, beneficial microbes secrete proteins
and secondary metabolites, relevant for nutrient acquisition, improved plant fitness, and inhibition
of pathogen colonization (Pieterse et al., 2014; Bakker et al., 2018; Yu et al., 2019a). Beneficial
microbes are subdivided in a coarse manner into plant growth promoting rhizobacteria
(PGPR), biocontrol agents (BCAs), and root-nodulating bacteria (RNB; Berendsen et al., 2012).
PGPR directly or indirectly induce plant growth via secretion of secondary metabolites, which
are in turn involved in plant hormone synthesis and nutrient acquisition from soil (Lugtenberg
and Kamilova, 2009). RNB are also referred to as biofertilizers. They interact with legume
roots as mutualists. Nodules allow the energetically expensive process of nitrogen fixation.
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The ammonia produced in the nodules as part of this process
is transported into the plant cells in exchange for carbon required
for bacterial growth. BCAs or biopesticides in the roots act by
eliminating phytopathogens and pests, either indirectly by
induction of the plant immune response through induced or
acquired systemic resistance, or directly by producing and
releasing antimicrobial and pesticidal toxins or by physical niche
occupation (Kuc and Tuzun, 1992; Van Wees et al, 1997;
Zamioudis and Pieterse, 2012; Bernal et al., 2018).

The effectiveness of beneficial microbes is frequently
dependent on secretion systems. Some secretion systems allow
translocation of proteins, called effectors, directly from one
cell into another without being degraded or utilized by another
organism. Other secretion systems and efflux pumps release
proteins and secondary metabolites into the medium,
respectively. The secreted proteins and metabolites play roles
in root colonization, as well as in interactions with the plant
immune response and the surrounding prokaryotic and
eukaryotic organisms (Figure 1; Lugtenberg and Kamilova, 2009;
Pieterse et al., 2014; Wu et al, 2018; Jamali et al, 2020).

The goal of this minireview is to describe important bacterial
secreted effectors, secondary metabolites and secretion systems
which play a role in the interactions of beneficial microbes
with plants and surrounding microbes, including bacteria
and fungi.

PLANT GROWTH PROMOTING
RHIZOBACTERIA

Plant growth promoting rhizobacteria can improve the plant
growth in multiple ways. They can indirectly promote growth
by forming a biofilm that serves as a protective layer against
pathogens or as an enhanced surface for nutrient acquisition
from the surrounding soil (Weselowski et al., 2016). They can
also produce and secrete growth phytohormones or their
intermediates, which directly increase the root surface area,
and promote plant development, growth and health (Figure 1;
Spaepen et al., 2014). Additionally, PGPR increase abiotic stress
tolerance in crops.
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FIGURE 1 | The interaction of the three groups of beneficial bacteria with other species; plant growth promoting rhizobacteria (PGPR), root nodulating bacteria
(RNB), and biocontrol agents (BCAs) and their neighboring cells. PGPR produce various secondary metabolites including phytohormones which are regulating
several processes in the plant development such as seed germination, stem, leaf, and root morphology. Another feature of PGPR is the solubilization of nutrients.
RNB contain several secretion systems that can transport effectors directly into the host cell to regulate certain processes. Type | protein secretion system (TISS) of
Rhizobium leguminosarum bv. Viciae is responsible for biofilm formation via the effectors PlyA, PlyB, and Rhizobium-adhering proteins (RapS). The T1SS is
recognizable due to the outer membrane protein TolC. Type lll secretion system (T3SS) and type IV secretion system (T4SS) are secreting effectors which can trigger
protein regulation and induce plant immune responses. At least one effector travels into the plant cell nucleus. BCAs produce antibacterial and antifungal protein
toxins and small molecules. Proteinaceous toxins are transferred through the Type VI secretion system (T6SS), a powerful nanoweapon, into the host cell. Specific
antimicrobials can kill phytopathogens like fungi, oomycetes, and bacteria. In addition, biocontrol agents can trigger the plant immunity pathway induced systemic
resistance (ISR), which leads to the production of antimicrobials which can eliminate a broad spectrum of organisms.
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Plant growth promoting rhizobacteria secrete organic acids
and other secondary metabolites that solubilize macronutrients
and micronutrients and increase their bioavailability for plants.
Nitrogen and phosphorus are two of the essential macronutrients
for plant growth. Nitrogen fixation will be discussed in the
next section. Phosphorus in soil is highly unavailable for plants.
Beneficial microbes mobilize phosphorus via organic chelators
like citric, gluconic and malic acid. The secretion of these acids
leads to a decrease of the soil pH and production of plant
bioavailable HPO,~ (Rodriguez and Fraga, 1999; Ivanova et al,,
2006; Yasmin et al., 2009). Some members of the Bacillus,
Pseudomonas and Enterobacter genera are very efficient
phosphorus solubilizing bacteria and have been shown to improve
yield and growth of crops (Jha et al., 2012; Goswami et al., 2014).

Iron is an essential micronutrient for plant growth and
development and iron-deficient plants suffer from yellow stripe
chlorosis in young leaves (Abadia et al., 2002). The application
of Alcaligenes 637Ca and Staphylococcus MFDCal to pear and
apple roots, respectively, increased the foliar enzymatic activity
of a plant enzyme that is responsible for Fe3+ reduction and
helps plants uptake iron under iron deprivation (Ipek et al.,
2017; Aras et al., 2018). Some Pseudomonas spp. PGPR secrete
siderophores like carboxylates, catecholate, and hydroxamate
for Fe acquisition in Zea mays. Siderophores also have
antimicrobial properties against the phytopathogens Rhizoctonia
solani and Sclerotium rolfs (Sharma and Johri, 2003; Yu et al., 2011;
Scagliola et al., 2016; Trapet et al., 2016; Mullins et al., 2019).

In contrast to the indirect effect of solubilization of nutrients
on plant growth, phytohormone production by PGPR directly
interfaces with plant growth signaling networks. The five main
phytohormones are produced by PGPR: auxins, cytokinins,
gibberellins (GAs), ethylene (ET), and abscisic acid. One of
the most studied PGPRs is the Azospirillum genus. Azospirillum.
brasilense consists of four different pathways to produce IAA,
which is the most common phytohormone from the auxin class.
The indole-3-pyruvate pathway produces the highest amount
of TAA (Kloepper et al., 1989; Puente et al., 2004). The IAA
biosynthesis pathways are well understood in bacteria, but the
reason for the existence of those pathways in bacteria is still
unknown (Molina et al., 2018). The indole-3-pyruvate pathway
is highly dependent on the key enzyme indole-3-pyruvate
decarboxylase encoded by the gene ipdC (Spaepen et al., 2014).
ipdC alone is responsible for induction of root hair formation
as was shown by laboratory inoculation experiments of Arabidopsis
thaliana with A. brasilense SP245 strain (Cohen et al., 2008;
Rivera et al., 2018). However, field experiments are inconsistent
and did not reproduce the results (Diaz-Zorita and Fernandez-
Canigia, 2009). Generally, field experiments inoculated with
Azospirillum showed an inconsistent increase in grain yield
(Dobbelaere et al., 1999; Vande Broek et al., 1999). Azospirillum
has many features, in addition to auxin production, which could
lead to plant growth promotion including nitrogen fixation,
siderophore production, and phosphate solubilization. Hence,
there might be a growth promotion as an additive or a synergistic
combination of the various pathways (Spaepen et al., 2008).
The technological progress in the field allows us to combine
large-scale ecological studies with a reductionist genetic approach

that reveals bacterial genes that promote growth. A recent study
using a 185-member bacterial community showed that this
community causes Arabidopsis root growth inhibition.
Interestingly, several strains of the Variovorax genus were found
to maintain root development. Further genetic approach identified
that the Variovorax genomes encode an auxin degrading operon
that is necessary and sufficient for causing this beneficial
phenotype even in such a complex ecosystem (Finkel et al., 2020).

Another example for phytohormone production in rhizobacteria
is of the phytohormones gibberellins. GAs are involved in many
developmental processes in plants, such as flowering regulation,
seed germination, stem and leaf elongation, and pollen maturation
(Achard et al., 2007; Ariizumi and Steber, 2007). Biosynthesis
of GA was found in many bacteria such as Bacillus pumilus,
Bacillus licheniformis, and Leifsonia soli (Kang et al., 2016; Kim
et al,, 2017). Leifsonia soli SE134 has been shown to enhance
plant growth of the GA deficient Waito-C rice dwarf mutant
cultivar and can extend shoot length, plant weight, and seed
germination in cucumber, and tomato under greenhouse conditions,
which may be due to GA synthesis (Kang et al., 2014).

Cytokinins are another group of growth-stimulating
phytohormones that are responsible for cell division, plant
senescence, seed germination, flower and fruit development,
and apical dormancy (Akhtar et al, 2020). Pseudomonas
fluorescens G20-18 and 6-8 strains produces cytokinins (Garcia
de Salamone et al., 2001; Pallai et al., 2012). It has been shown
that canola inoculated with G20-18 and 6-8 strains had greater
root length than the non-inoculated control in a gnotobiotic
assay (Pallai et al., 2012). Groflkinsky et al. (2016) revealed
by constructing various knock-out and gain of function mutants
of G20-18, that cytokinins have a protective role against
Pseudomonas syringae pv. tomato DC3000 and can suppress
disease response in A. thaliana (Grofikinsky et al.,, 2016).

The aforementioned studies showed that PGPR can secrete
multiple molecules which lead to various phenotypes.
Exactly which conditions favor release of these beneficial
growth-promoting molecules is still poorly understood.
Knowing these conditions is important given that abiotic
and biotic stressors can affect phytohormone production
(Diaz-Zorita and Fernandez-Canigia, 2009).

Ethylene is an important plant growth hormone that
ameliorates harmful effects of abiotic stress conditions in plants
(Glick, 2014). Its precursor is 1-aminocyclopropane-1-carboxylate
(ACC). PGPR can improve plant tolerance to abiotic stressors
via the production of ACC deaminase, which cleaves ET and
produces a-ketobutyrate and ammonia. ACC deaminase indirectly
counteract saline plant growth inhibitory effects in plants, hence
plants are more salt stress tolerant (Orozco-Mosqueda et al.,
2019, 2020). Pseudomonas putida UW4 carrying the acdS gene
that encode for ACC deaminase was able to restore 66% of
canola shoot fresh mass when grown in cold temperatures
under high salt levels. Remarkably, the AacdS strain yielded
only 20% of shoot fresh mass under the same conditions,
demonstrating the importance of this single bacterial gene in
promoting plant growth (Cheng et al, 2007). Trehalose, a
non-reducing disaccharide, is especially induced in bacteria
under saline stress and reduces osmotic, ionic and saline stress
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responses, by interacting with ABA, volatile compounds and
exopolysaccharides (EPS; Avonce et al, 2006). Recently the
synergetic effect of trehalose accumulation and ACC-deaminase
production has been discovered in Pseudomonas sp. UW4
protecting tomato plants under saline stress. The plants were
unable to survive the abiotic stress when the UW4 acdS and
treS (trehalose synthesis) genes where knocked out (Orozco-
Mosqueda et al., 2019). More detailed information about the
synergistic effect of rhizobacteria produced ACC deaminase
and plant compounds were reviewed recently by Forni et al.
(2017). ACC deaminase also plays a role in synergetic function
with other soil living-organisms such as in rhizobacteria for
induced nodulation. Pseudomonas fluorescens YsS6 promotes
the growth of Rhizobia tropici CIAT899, leading to an induced
growth of Phaseolus vulgaris. The plant growth induction was
only observed when YsS6 expressed acdS (Nascimento et al., 2019).

ROOT-NODULATING BACTERIA

Root-nodulating bacteria have developed an impressive and
complex symbiosis with their legume host. One of the first
steps in this relationship, is the secretion of flavonoids by
the host plant that diffuse across the membrane of the
Rhizobia and induce synthesis of the NodD protein which
activates transcription of other genes involved in nodulation
including Nod factor (NF) production (Wang et al., 2012).
NFs are primary signal molecules produced by bacteria and
detected by the plant to induce nodule organogenesis (Nelson
and Sadowsky, 2015). In addition to NFs, other molecules
and proteins mediate other aspects of the rhizobia-legume
symbiosis such as root colonization, symbiont recognition
and suppression of the plant immune system. To perform
all of these tasks, Rhizobia make use of special secretion
systems that translocate effectors to their host. These include
type L, type III and IV secretion systems (Cianciotto, 2005;
Schmeisser et al., 2009; Nelson and Sadowsky, 2015).
Type 1 protein secretion system (TISS) of Rhizobium
leguminosarum bv. viciae is encoded by the prsD and prsE
genes. This T1SS is responsible for secretion of the EPS-glycanases
PlyA and PlyB (Russo et al., 2006). These enzymes play a key
role in biofilm formation; by cleaving the EPS chains they
modulate the structure and maturation of the biofilm. Mutations
in prsD and prsE greatly suppress the formation of biofilm
on glass surfaces (Russo et al., 2006). Biofilm formation is an
important step in root colonization and in symbiotic interaction
formation. Once rhizobia attach to root hairs, they aggregate
and form a biofilm, which is encased in a structure called a
cap that is made of cellulose and EPS (Smit et al., 1987;
Downie, 2010). Some proteins such as Rhizobium-adhering
proteins (Raps) are required for stability of the cap, and are
exported through the PrsDE TI1SS (Smit et al, 1987; Russo
et al., 2006; Krehenbrink and Allan, 2008; Poole et al., 2018).
RapAl is a calcium-binding Rap located at the cell pole
(Poole et al., 2018). RapAl overexpression in R. leguminosarum
bv. trifolii R200 increased attachment to red clover roots
by up to 5-fold and its overexpression in Rhizobium etli

enhanced the capability of attachment to common bean roots
(Mongiardini et al., 2009; Frederix et al, 2014). TISS also
secretes NodO, a well-studied protein from R. leguminosarum,
that is critical for signaling during nodulation (Finnie et al., 1997).

TolC is an integral membrane protein that is part of the
outer membrane component of T1SS. TolC from Sinorhizobium
meliloti functions in the symbiotic relationship with Medicago
sativa (Cosme et al., 2008). S. meliloti tolC mutant showed an
8-fold reduction in the number of nodules compared with the
wild type and presented an ineffective nitrogen fixation in the
roots of M. sativa (Cosme et al., 2008). TolC may participate
in the efflux of antimicrobial compounds produced by the
host plant, resistance to osmotic or oxidative stress, polysaccharide
biosynthesis, and the secretion of proteins or other molecules
relevant for the symbiosis, such as NFs, that can affect directly
or indirectly the formation of nodules in the roots of M. sativa
(Srinivasan et al., 2015; Mergaert, 2018).

Other secretion systems, such as the type III secretion system
(T3SS), are employed for effector translocation into the host
plants. T3SS is mostly studied for its role in plant disease.
The effectors can interfere with plant signaling and plant cell
recognition. Transcriptional studies have shown expression of
T3SS genes at different stages of the Plant-Rhizobium interaction
such as root colonization, infection and nodulation. The T3SS
of Bradyrhizobium japonicurn USDA110 is expressed in infection
threads and developing nodules of soybean (Zehner et al,
2008). Several T3SS genes of Rhizobium sp. NGR234 are expressed
in mature nodules of Cajanus cajan and Vigna unguiculate
(Viprey et al, 1998; Perret et al., 1999; Tampakaki, 2014).
Regulatory analyses of the T3SS of Rhizobium sp. NGR234
showed that it is activated after Nod factors generation and
its activity continues for at least 24 h (Kobayashi et al., 2004;
Marie et al., 2004). These results indicate that effector secretion
through T3SS concurs with development of the infection thread.
T3SS is strongly regulated after sensing potential plant hosts.

T3SS genes called rhe (Rhizobium conserved), encode different
nodulation outer proteins (Nops) that can be divided into two
groups. The first group is composed of the core components
of T3SS pilus that spans the plant cell wall (Saad et al., 2008;
Deakin and Broughton, 2009; Lopez-Baena et al., 2016). NopA
and NopB are the major and minor subunits, respectively. NopX
likely polymerizes to form a transmembrane pore (the translocon)
through which other effectors enter the plant cytoplasm (Deakin
and Broughton, 2009; Lopez-Baena et al., 2016). The second
group is composed of the effectors that are injected through
T3SS machinery into the host cytoplasm. Several Sinorhizobial
proteins secreted through the T3SS have been identified. These
include NopL and NopP that may interfere with plant signaling
pathways, as both can be phosphorylated by plant kinases and
have shown to be responsible for optimal nodulation of host
plants Flemingia congesta and Tephrosia vogelii (Bartsev et al.,
2004; Skorpil et al., 2005; Gourion et al, 2015). NopL was
shown to interfere with mitogen-activated protein kinase (MAPK)
that is involved in pathogen recognition in both basal plant
defense and R-mediated resistance (Pedley and Martin, 2005;
Zhang et al, 2011). NopM belongs to the IpaH-SspH-YopM
family of effectors found in animal pathogens, which are known
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to be involved in targeting nuclei of host cells and ubiquitination
process (Bartsev et al., 2004; Skorpil et al., 2005; Rohde et al., 2007).
A later study indicated a possible role for NopM as a functional
E3 ubiquitin ligase domain in Rhizobium sp. strain NG234 (Xin
et al, 2012). In the same study it was further mentioned that
when expressed in Nicotiana benthamiana, NopM reduced reactive
oxygen species (ROS) and induced plant defense gene expression
(Xin et al., 2012). NopT effector has homology with the avirulence
protein AvrPphB of the phytopathogen P syringae and YopT
of Yersinia spp. which are known to possess a protease activity.
NopT mutants of NGR234 affected nodulation either positively
(P. vulgaris cv. Yudou No. 1; T. vogelii) or negatively (Crotalaria
juncea; Dai et al., 2008). NopM and NopT have shown to have
either negative or positive effects in nodulation in a host
dependent manner (Dai et al., 2008; Kambara et al., 2009)

Another effector, NopD in Sinorhizobium fredii HH103, has
been predicted to be a C48 cysteine peptidase (Rodrigues et al.,
2007). The C48 cysteine peptidase family contains the protein
XopD, a T3SS effector from the plant pathogen Xanthomonas
campestris (Hotson et al., 2003). It functions in planta to target
SUMO-conjugated proteins (Hotson et al., 2003). XopD interferes
with the plant’s ability to regulate the expression of specific
proteins (Nelson and Sadowsky, 2015). NopC is a T3SS-dependent
effector that lacks homologues in pathogenic bacteria but its
function in plants is still unknown (Jiménez-Guerrero et al., 2015).
Nop]J acts as acetyltransferase that prevents phosphorylation
of MAP kinases by acetylating the phosphorylation sites, thereby
inactivating the MAP kinases (Mukherjee et al., 2006). Recently,
a conserved T3SS effector, ErnA, was described in Bradyrhizobium
(Teulet et al., 2019). Interestingly, this effector is targeted to
the plant nucleus and may bind nucleic acids in the plant
nuclei. Gain and loss of function experiments demonstrated
the direct involvement of ErnA for nodule formation. All T3SS
effectors and their predicted function are described in Table 1.

The bacterial type IV secretion systems (T4SS) is a unique
system in its ability to transfer large nucleic acid molecules, in
addition to proteins, across the cell envelope (Christie and Cascales,
2005; Sgro et al., 2019). Rhizobial T4SS shares strong homology
to the VirB/VirD4 subunits found in Agrobacterium (Sullivan
et al., 2002; Christie et al, 2014). The T4SS in Agrobacterium
tumefaciens, is used for translocation of both T-DNA and effector
proteins (Kuldau et al., 1990; Zupan and Zambryski, 1995). T4SS
has been identified in rhizobia such as Mesorhizobium loti R7A
(Hubber et al., 2007; Miwa and Okazaki, 2017) and R. etli CFN42
(Lacroix and Citovsky, 2016). T4SS could be involved in the
nodulation process in Rhizobium in early stages. M. loti T4SS
mutants delayed nodulation on Lotus corniculatus and allows
effective nodulation on Leucaena leucocephala (Hubber et al,
2004, 2007). R. etli encodes a T4SS locus (vir) and is able to
mediate transfer and integration of DNA into plant cell genome
when provided with a T-DNA (Lacroix and Citovsky, 2016).
However, a T-DNA-like sequences in R. etli was not identified,
suggesting that Rhizobium-mediated plant transformation does
not occur in nature, although it cannot be ruled out that other
Rhizobium strains, not yet sequenced, harbor a T-DNA.

Thus far, only two T4SS candidate effector proteins were
identified in rhizobia. These are Msi059 and Msi061 from

M. loti R7A (Nelson and Sadowsky, 2015). Msi059 shares a
partial protein sequence similarity to the XopD C48 cysteine
peptidase (Rodrigues et al., 2007; Nelson and Sadowsky, 2015).
The other T4SS effector Msi061, shares protein similarity with
A. tumefaciens effector VirF (Tzfira et al., 2004). VirF interacts
with the host Skpl protein to facilitate protein degradation of
effector proteins VirE2 and Vipl leading to unbinding of the
T-DNA after entry into the host cell (Tzfira et al., 2004). The
specific role of the Msi059 and Msi061 in RNB remains
unidentified, but the latest evidence suggests that they modulate
protein expression levels in planta (Nelson and Sadowsky, 2015).

Type VI Secretion System (T6SS) contractile nanoweapons
allows bacteria to inject toxins directly into prey cell membranes,
periplasm or cytoplasm, leading to cell growth arrest. In rhizobia,
T6SS sequence have been found in several species such as
R. leguminosarum, B. japonicum, M. loti, Sinorhizobium saheli,
and S. fredii (Bladergroen et al., 2003). T6SS was related to
the prevention of nodulation on Pisum sativum cv. Rondo
(Bladergroen et al,, 2003). Recently, it was reported that R.
etli Mim1 T6SS mutant produced plants with lower dry weight
and smaller nodules than the wild-type strain, suggesting for
the first time a positive role of T6SS in Rhizobium-legume
symbiosis (Salinero-Lanzarote et al., 2019). The rhizobacterium
Azorhizobium caulinodans ORS571 utilizes its T6SS to outcompete
other strains during infection of its host Sesbania rostrata (Lin
etal., 2018). However, the researchers could not show involvement
in inter-bacterial competition in vitro. The nitrogen fixing
bacteria Azoarcus olearius BH72 encodes two T6SS operons,
one of which is strongly up-regulated when nitrogen is absent
(Jiang et al., 2019). Kosakonia strains are endophytic nitrogen
fixers involved in plant growth promotion in rice (Bertani
et al, 2016). T6SS of Kosakonia KO348 is important for
rhizoplane and endosphere colonization but it is not clear
exactly how (Mosquito et al, 2019). One possibility is that
the microbes use the T6SS to facilitate colonization by inhibiting
competitors in the rhizosphere.

Although different secretion systems and effectors have been
identified in RNB, their specific role in symbiosis and nodulation
is still unclear. Further molecular and biochemical work should
be done to characterize the molecular mechanisms leading to
secretion of proteins and other molecules and their effects
in planta.

BIOCONTROL AGENTS

Biocontrol agents secrete a broad spectrum of secondary metabolites
and proteins which can serve as antibacterial and antifungal
compounds, such as enzymes which are able to degrade different
compartments of various organisms (Mullins et al., 2019; Vesga
et al,, 2020). Some BCAs employ secretion systems to penetrate
the neighboring cells and inject toxins into them. Pseudomonas
spp., and Bacillus spp. are two of the most studied organisms
in the BCA field. The most important and most studied secondary
metabolites are antibiotics such as Phenazines, Phloroglucinols,
Dialkylresorcinols, Pyrolnitrin, Pyoluteorin, Mupirocin, Peptide
antibiotics, Hyrdogen cyanide, Rhizoxins, and Oxyvinylglycines
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TABLE 1 | Summary of all discussed bacteria, predicted function, and secreted molecules in this review. Some molecules are secreted from different bacteria.

Bacterial strain

Molecules

Predicted function

References

Plant growth promoting
Enterobacter, Bacillus, Pseudomonas
Pseudomonas spp. GRP3A, PRS9,
Pseudomonas chlororaphis ATCC 9446
Azospirillum brasilense SP245
Leifsonia soli SE
Pseudomonas fluorescens G20-18

Root nodulation
Rhizobium leguminosarum bv. viciae A34

Sinorhizobium meliloti

Rhizobium leguminosarum bv. trifolii R200,

Rhizobium etli
Rhizobium leguminosarum spp.

Sinorhizobium fredii HH103

Bradyrhizobium japonicum USDA110,
Sinorhizobium fredii NGR234, HH103,
USDA257

Bradyrhizobium japonicum USDA110,
Sinorhizobium fredii NGR234, HH103

Rhizobium etli CNPAF512, Sinorhizobium
fredii NGR234, HH103, USDA257
Sinorhizobium fredii NGR234

Rhizobium sp. NGR234

Mesorhizobium loti R7A

Mesorhizobium loti R7A

Bradyrhizobium strain ORS3257
Biocontrol

Pseudomonas spp., Bacillus spp.

Pseudomonas fluorescens Pf29Apr
Pseudomonas fluorescens MFEO1

Pseudomonas brassocaecearum Q8r1-96

Bacillus subtilis BBG111

Bacillus velezensis

Organic acids
Siderophores

IAA production

Gibberellin
Cytokinins

Exopolysaccharide
(EPS)-glycanases PlyA and PlyB
TolC protein

RapA1

NodO

NopD

NopL

NopM

NopP

NopT

NopJ
Msi059

Msi061
ErmA

Antibiotics

DAPG

T6SS related- toxins

RopAA, RopB, RopM, DAPG
Cyclic lipopeptides (CLCPs)

Lipopeptide compounds

Phosphate solubilization
Fe acquisition

Induction of root hair formation

Induction of plant growth and seed germination

Suppression of disease resistance, cell
elongation

Biofilm maturation

Nodules production

Biofilm formation

Signaling for nodulation

Regulating expression of plant proteins

Induction of plant immune response

Ubiquitination process

Phosphorylated by plant kinases

Cysteine protease activity

Inactivates MAP kinases
Regulating expression of plant proteins

Protein degradation of VirE2 and Vip1
An unknown function in the plant nucleus

Virulence against phytopathogens
Downregulation of pathogenic enzymes
Virulence against phytopathogens
Induction of plant immune responses

Induction of plant immune responses

Antifungal

Jha et al., 2012; Goswami et al., 2014
Sharma and Johri, 2003; Trapet et al.,
2016

Cohen et al., 2008; Molina et al., 2018
Kang et al., 2014

GroBkinsky et al., 2016

Russo et al., 2006; Bogino et al., 2013

Cosme et al., 2008; Srinivasan et al.,
2015; Mergaert, 2018

Mongiardini et al., 2009; Ho et al., 2014;
Poole et al., 2018

Finnie et al., 1997; Krehenbrink and
Allan, 2008

Hubber et al., 2004; Rodrigues et al.,
2007; Nelson and Sadowsky, 2015
Pedley and Martin, 2005; Zhang et al.,
2011

Rohde et al., 2007; Burkinshaw and
Strynadka, 2014; Zheng and Shabek,
2017

Bartsev et al., 2004; Skorpil et al., 2005;
Gourion et al., 2015

Dai et al., 2008; Kambara et al., 2009;
Gourion et al., 2015; Nelson and
Sadowsky, 2015

Mukherjee et al., 2006; Kambara et al.,
2009; Gourion et al., 2015

Rodrigues et al., 2007; Nelson and
Sadowsky, 2015

Nelson and Sadowsky, 2015

Teulet et al., 2019

Guilleroux and Osbourn, 2004; Daval
etal., 2011; Cao et al., 2018

Daval et al., 2011

Decoin et al., 2014

Mavrodi et al., 2011

Ongena et al., 2005; Garcia-Gutiérrez
et al., 2013; Farace et al., 2015

Cao et al., 2018

(Raaijmakers et al., 2002; Weller, 2007; Mavrodi et al, 2011).
Bacillus velezensis strains isolated from tomato rhizosphere strongly
inhibit growth of Ralstonia solanacearum and Fusarium oxysporum
under both laboratory and greenhouse conditions (Cao et al,
2018). This is done by production of different lipopeptide
compounds whose production is stimulated during the BCA
interaction with R. solanacearum. Recently, a survey of bacteria
isolated from the phyllosphere of A. thaliana revealed novel
antibiotics, with possible novel modes of actions (Helfrich et al.,
2018). Antibiotics can be identified via HPLC and then tested
for their antagonistic effect against different pathogens (Shahid
et al., 2017). Many toxins (proteins or secondary metabolites)
which are produced by beneficial bacteria have been studied
beyond their antimicrobial/antifungal activity. For example, the

BCA P, fluorescens Pf29Arp downregulates relevant pathogenicity
enzymes (laccasses, exogluanases, and mitogen-activated kinases)
in the fungus Gaeumannomyces graminis var. tritici, the causing
agent of take-all disease (Guilleroux and Osbourn, 2004; Daval
et al,, 2011). Other assays can be used for profiling secondary
metabolites, such as the use of LC-MS on crude extracts from
BCA strains, in silico screening of antagonistic potential on
pathogenic genes, and finally in vitro screening against specific
pathogens (Jinal and Amaresan, 2020). Burkholderia ambifaria,
a biocontrol agent was screened for its antimicrobial metabolites
which led to detection of Cepacin A via LC-MS. Mutants for
Cepain A production in B. ambifaria have a significantly reduced
inhibition activity against Pythium ultimum in a pea infection
model (Mullins et al.,, 2019).
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Disease-suppressive soils prevent establishment of pathogens
or lead to minor plant disease. The Raaijmakers group was
able to demonstrate the involvement of beneficial bacteria from
Burkholderiaceae family in disease-suppressive activity against
R. solani (Chapelle et al, 2016; Carrién et al, 2018). They
isolated representative Burkholderiaceae strains and uncovered
genes involved in in vitro and in situ antifungal activity via
the production of sulfurous volatile compounds (Carrion et al.,
2018). Recently, they showed that an endophytic consortium
of Chitinophaga and Flavobacterium consistently inhibited
Rhizoctonia solani infection (Carrion et al.,, 2019). Moreover,
they showed that the fungal infection enriched the root
metagenome for chitinase genes and candidate biosynthetic
gene clusters that likely produce antifungals. Finally, site-directed
mutagenesis revealed a new NRPS-PKS gene cluster from
Flavobacterium that is essential for disease suppression by the
consortium. This is a fine example of how years of research
revealed first specific BCA strains and later on their molecular
mechanism that underlies a reproducible root microbiome that
mediated plant protection.

As discussed already in the root nodulation section, Gram-
negative bacteria can be equipped with different secretion
systems. The T6SS translocates toxins into the neighboring
cells that are killed if they do not have the matching immunity
protein (Hood et al., 2010). T6SS genes were found, for examples,
in P fluorescens strain MFEOQ1. Different T6SS effectors are
injected by this strain. However, those toxins are not virulent
against eukaryotic cells, but against a broad spectrum of
pathogenic bacteria (Decoin et al., 2014). Bernal and colleges
identified in P putida KT2440 three T6SS clusters and 10
T6SS effector-immunity pairs. One of the T6SS loci is responsible
to bactericidal activity against phytopathogens in vitro and in
planta on N. benthamiana, although the in planta effect was
mild (Bernal et al., 2017).

Biocontrol agents can also induce plant responses by secreting
secondary metabolites. Often this results in an induction of the
plant immune response called induced systemic resistance (ISR),
which is regulated by the plant hormones jasmonic acid (JA)
and ET (Berendsen et al., 2012; Pieterse et al., 2014). ISR is a
response which is known to be triggered by rhizobacteria and
leads to secretion of antimicrobial secondary metabolites from
plants (Pieterse et al, 2012; Yu et al, 2019b). Pseudomonas
Sfluorescens Q8r1-96 contains T3SS effectors RopAA, RopB, and
RopM. In N. benthamiana these effectors suppress two plant
immune pathways after leaf infection with P syringae DC3000;
the hypersensitive response and the production of reactive oxygens
species (Mavrodi et al., 2011). Q8r1-96 also produces DAPG,
which suppresses the take-all disease in wheat (Brazelton et al.,
2008; Mavrodi et al,, 2011; Kwak et al., 2012; Yang et al.,, 2020).
Bacillus spp. is a well-established ISR elicitor. Bacillus subitilis
BBG111 releases cyclic lipopeptides (CLPs), which are magnifying
the plant microbe-associated molecular patterns (MAMPs) triggered
immunity (MTI). The MTI recognizes microbe derived compounds,
such as flagellins, lipopolysaccharides, and chitin that trigger the
ISR pathway in rice against R. solani (Chandler et al, 2015;
Lastochkina et al., 2019). This induction of ISR does not necessarily
lead to the resistance against one phytopathogen since it is not

species-specific (Chandler et al, 2015). Bacillus spp. and
Pseudomonas spp. increase ISR in different kinds of crops (tomato,
melon, and bean) against different organisms including fungi,
bacteria, and nematodes (Ongena et al., 2005; Garcia-Gutiérrez
et al, 2013; Farace et al, 2015). The induction of ISR is very
powerful, however its broad-spectrum activity may lead to killing
of beneficial bacteria.

Often the combination of both PGPR and BCA can ensure
both plant protectiveness and growth induction. Both traits
can be tested in vitro on specific media. Liu et al. (2017)
screened 196 PGPR strains based on their disease suppression
for broad-spectrum antagonistic activity. In a second screen
selected strains were tested for PGPR traits in vitro. For example,
nitrogen fixation was tested on nitrogen-free semisolid medium
and phosphate solubilization on media with different phosphate
sources. In advanced screens, the PGPR strains were tested
in planta for biological control of multiple plant diseases and
most of them significantly reduced at least two tested diseases.
Gene encoding antimicrobials were predicted but have not
been experimentally validated (Liu et al., 2017).

The root nodules are also sites of active antimicrobial
production. Brevibacillus brevis is an accessory species which
resides near dominant rhizobia species. An untargeted in planta
metabolomics study of this strain led to identification of
nonribosomal peptides, Britacidin and gramicidin. Sequencing
of the strain’s genome led to assignment of these antimicrobials
to their cognate biosynthetic gene clusters. It is yet unknown
whether these antimicrobials are used in competition between
the natural nodule microbiome or protect it from pathogen
infection (Hansen et al., 2020).

DISCUSSION

Much research has been conducted regarding PGPR, BCA, and
RNB and many effectors are known and are not mentioned in
this review. Despite the knowledge of those secreted molecules,
their functionality in planta remains unclear (Bai et al.,, 2020;
Kumar and Dubey, 2020; Zhou et al., 2020). The importance
of the RNB secretion system in nodule formation and symbiosis
between rhizobia and legumes is known; however, direct
interactions of effectors and plant proteins and the specific
processes regulated by the effectors are not understood. Many
hypotheses have been postulated but were not confirmed
experimentally (Sachs et al., 2018). High-quality ecological studies
revealed the function of specific rhizobacteria in protecting plants
against bacterial, fungal, and oomycete pathogens but did not
reveal the compounds responsible for this effect (Duran et al.,
2018; Kwak et al., 2018). High-density transposon screens coupled
with in planta phenotyping can uncover the genes responsible
for these antagonistic phenotypes. Another approach that should
be applied is systematic gain of function approach to uncover
the secondary metabolome encoded by the biosynthetic gene
clusters of beneficial rhizobacteria. This can be done by using
large scale operon cloning, induction of operons in organisms
such as Escherichia coli, and applying the lysates on plants to
couple microbial metabolites with beneficial functions.

Frontiers in Plant Science | www.frontiersin.org

November 2020 | Volume 11 | Article 589416


https://www.frontiersin.org/journals/plant-science
www.frontiersin.org
https://www.frontiersin.org/journals/plant-science#articles

Lucke et al.

Secretome of Beneficial Root Microbiome

We believe that genetic, metagenomics, transcriptomics,
proteomics (secretome), and metabolomics analyses should
increase our knowledge about the effectors and small molecules
injected by rhizobacteria into the host, nearby pathogens, or
released into the surrounding soil (Levy et al, 2018a).
Identification of the specific genes, proteins and molecules
responsible for growth promotion and protection against
pathogens will allow a more accurate identification of beneficial
strains and engineering of plant supportive microbiomes.
We think that the entire field will gain important basic and
applied insights by moving from identification of beneficial
strains through extensive phenotype screening toward molecule-
centered or gene-centered phenotypic associations. Identification
of new genes and molecules that underlie a beneficial phenotype
will allow accurate discovery of novel beneficial strains based
on their genetic and chemical features identified from
metagenome and metabolome surveys. Downstream functional
analysis such as random mutagenesis of beneficial microbes
coupled with identification of phenotypes in planta, protein
binding assays to identify the binding partners of effectors
in plant cells, or cell-based assays to show translocation of
effectors into plants could improve molecular understanding
of beneficial bacterial interaction with plants. Specifically, very
little is known on the interaction of proteins and small
molecules from beneficial microbes with the different branches
of the plant immune system.

In addition to the lack of functional studies revealing the
molecular basis for a beneficial microbial phenotype in plants,
the understanding of bacteria communities in soil is also very
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