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Message from the Head of ARO
Prof. Eli Feinerman

In his book Power unseen, how microbes rule the world
Bernard Dixon illustrates how microorganisms pervade every
aspect of human society and of the natural world.
Under the umbrella of ARO’s Interdisciplinary Center for Environmental,
Plant & Animal Microbiology (EPAMic) close to 30 senior scientists from all
of ARO’s six institutes, are researching a diverse range of topics collectively
aimed at harnessing the unseen microbial world for the wellbeing of
agriculture and humankind. Several of these scientists are engaged in
groundbreaking research aimed at developing microbial-based biological
control agents to reduce use of antibiotics, chemical pesticides, fungicides
and herbicides, which are harmful to human and environmental health.
Others are exploring how to harness microorganisms to purify water,
transform wastes into fertilizers and enhance feed efficiency in food production animals. The “microbiome-based”
scientific breakthroughs at ARO aim to support Israeli agriculture and develop novel technologies, products and
IP that can be marketed to Israeli and International Agbio industries and facilitate solutions for enhancing the
quality of life in the developing world.

The “microbiome-based” scientific breakthroughs at
ARO aim to support Israeli agriculture, and develop
novel technologies, products and IP that can be
marketed to Israeli and International Agbio industries
and as low-cost solutions for enhancing.
the quality of life in the developing world.
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Message from the Editor

Exploiting microorganisms for the benefit of sustainable agriculture
We can define the “microbiome” as “a community of microorganisms (including
bacteria, fungi, and viruses) that inhabit a particular environment”. Over the past
decade, the microbiome of the human digestive tract has received substantial
focus due to a myriad of studies that link this community to human health.
However, there is growing realization that microbiomes are ubiquitous to all
known environments on earth where they facilitate a diverse array of agriculturallyrelevant processes including animal feed use efficiency, food safety, plant viability
and soil ecosystem functioning. This issue of Volcani Voice presents several diverse
examples of how researchers at the ARO Interdisciplinary Center for Environmental, Plant & Animal Microbiology (EPAMic- www.agri.gov.il/en/pages/1516.aspx) are
exploiting microbiomes for the benefit of agriculture. Some of the articles focus
on individual bacterial and fungal strains that are associated with plant protection,
food production and safety and environmental sustainability, while others look at
complex microbial communities.
Dr. Eddie Cytryn
Department of Soil Chemistry, Plant Nutrition and Microbiology, Institute of Soil Water and Environmental
Sciences, Volcani Center, Agricultural Research Organization, Rishon Lezion, Israel
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Tapping into the root microbiome
By Dr. Eddie Cytryn, Barak Dror, and Dr. Max Kolton
ABSTRACT
The rhizosphere, the thin layer of soil that surrounds
plant roots, is a microbial hotspot, and this root microbime strongly influences plant health. The rapid
development of next generation sequencing technologies and advanced bioinformatic platforms have revolutionized our capacity to analyze and understand microbiomes in complex agro-ecosystems including the
rhizosphere. This article reviews these technologies and
presents two studies conducted in our lab that demonstrate how extensive understanding of the rhizosphere
microbiome can be exploited to facilitate environmentally sustainable solutions for mitigating plant disease.
The first study reveals how shifts in microbial community composition and increased microbial diversity in
the rhizosphere facilitate plant resistance to certain
pathogens, while the second targets rhizosphere microbiomes to discover novel antimicrobial compounds that
can be isolated and applied to treat plant disease.
INTRODUCTION
Towards the end of the 17th century, Antonie van Leeuwenhoek
used high quality magnifying glasses that he manufactured to discover a world of microscopic life in pond water near his house in
Delft, paving the road to modern microbiology. In the 350 years
since van Leeuwenhoek scientists realized that our earth is dependent on these microbes to facilitate key environmental and
agricultural processes. Traditionally, microorganisms were isolated using selective culture media and studied individually; but
currently, there is a clear realization that microbes ubiquitously
congregate in intricate communities coined microbiomes. A major challenge in understanding the composition and function of
microbiomes stems from the fact that most bacteria in natural
environments cannot be isolated using standard media, a phenomenon that has been coined “the great plate anomaly” (Epstein 2013).
THE NEXTGEN REVOLUTION: NOVEL PLATFORMS TO
ILLUMINATE ENVIRONMENTAL MICROBIOMES
Over the past decade, a myriad of culture-independent tools have
enabled us to elucidate the composition and functional capacity of complex environmental microbiomes at depths that would
have seemed science fiction just a few years before. These tools
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involve tapping into nucleic acids (DNA or RNA) directly extracted
from environmental samples (i.e. soil, water, fecal matter, etc.),
thereby circumventing the need for culturing. The microbiome
revolution was strongly facilitated by next-generation sequencing (NGS) technologies which emerged around 2008 (Van Dijk
et al. 2014). These methods incorporate different approaches
that all rely on massive parallel sequencing, which reduces costs
and increases output by ~10,000 to 100,000-fold relative to conventional sequencing methods (Hahn et al. 2016). At this stage,
bioinformatic pipelines can be applied to tap into the millions of
NGS-generated sequences to specifically address two fundamental questions: (A) who is there, and (B) what are they doing (Staley
and Sadowsky 2018).
The question of “who is there” not only addresses the taxonomic
composition of the microbial community but also its complexity
(coined α-diversity), which is often a key factor in determining the
functional capacity of a specific ecosystem (Fierer and Jackson
2006). Comparison of multiple samples (coined β-diversity) can
reveal associations of microibomes from different environments
or the effect of treatments or temporal effects on an individual
microbiome (Fierer and Jackson 2006).
We can divide microbiome analyses into two categories. The first
coined “amplicon sequencing” involves PCR-amplification and sequencing of a specific region of DNA that is taxonomically indicative. The vast majority of amplicon sequencing-based microbiome
studies to date target the gene encoding the small subunit of the
ribosome (16S rRNA for prokaryotes and 18S rRNA for eukaryotes),
but other options such as the Internal transcribed spacer region
(ITS) for fungal community composition are also common (Caporaso et al. 2011). The second approach termed “shotgun metagenomics” involves direct sequencing of nucleic acids extracted from
the environment (Staley and Sadowsky 2018). While amplicon sequencing can only be applied to determine who is there, shotgun
metagenomics can also be used to assess the functional potential
of the microbiome through evaluation of functional genes and
genetic pathways. Targeting RNA from the environment (shotgun
transcriptomics), specifically depicts the active functions in a particular environment. Thus, by combining shotgun metagenomics
and metatranscriptomics, we can elucidate the functional potential (what they can do) and the active functionality (what they are
actually doing at the time of analysis) of a selected microbiome.
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THE “BIOCHAR EFFECT”: LINKING
ENHANCED PLANT HEALTH TO THE
ROOT MICROBIOME
Several studies conducted within the
framework of the Israel Biochar Researchers
network (www.agri.gov.il/en/pages/788.
aspx) determined that amending soil with
biochar (a byproduct formed from the pyrolysis of organic wastes) increases plant
biomass and stimulates resistance to fungal pathogens, a phenomenon coined the
“biochar effect” (Elad et al. 2012). The root
microbiome has been shown to promote
growth and confer tolerance to biotic
and abiotic stress in plants (Philippot et al. Figure 2. Beta- and alpha-diversity of root-associated
2013), and we therefore hypothesized that bacterial communities in biochar-amended and non-amended
tomato plants sampled from seedling to fruiting at 3-week intervals.
biochar stimulates microbial communities
(A) Principal component analysis representing the similarity between microbial communities at the
in the rhizosphere that are beneficial to different sampling times/treatments. Each symbol (sampling point bacterial community) containthe plants. To test this hypothesis we con- ing over 50,000 bacterial sequences (OTUs). Black symbols- biochar-amended samples; clear symducted a comprehensive greenhouse study bols- non-amended samples. (B) Phylogenetic diversity of microbial communities at the different
where we temporally monitored the bacte- sampling times/treatments. Asterisks indicate statistical significance between non-amended (conrial community in tomato plant roots over a trol) and biochar-amended soils.
12 week period (Kolton et al. 2017). As previously demonstrated, the plants grown in biochar amended soils
DNA was isolated from the fraction of the rhizosphere directly
had significantly higher biomass and lower susceptibility towards
associated with the roots (coined the rhizoplane), PCR-amplified
the foliar pathogen Botrytis cinerea (Figure 1).
using primers targeting the 16S rRNA gene and sequenced using Illumina MiSeq technology (Kolton et al. 2017). Bioinformatic
analysis using the Qiime platform revealed two major trends
(Figure 2): (i) that the bacterial community on the roots fluctuates as a function of plant growth stage and that the root
microbiomes of the control and biochar-amended plant are
significantly different; and (ii) that in all of the sampling times
the diversity of the rhizosplane bacterial community was significantly higher than in the control.

Figure 1. Canopy biomass (A) and disease incidence of Botrytis
cinerea (B) in tomato plants.
Plants were sampled from seedling to fruiting at 3-week intervals. (A) Asterisks indicate statistical significance between non-amended (control)
and biochar-amended soils. (B) Lines depict leaf lesion area and table insert shows the Area Under the Disease Progress Curve (AUDPC).

The data clearly shows that biochar amendment shapes the
root microbiome. Microbial diversity has been strongly linked
to ecosystem functioning of soil and rhizosphere microbiomes (Fierer and Jackson 2006), and we hypothesize that this
increased diversity encompassed microbial populations that
stimulated the plant growth and mitigated disease. We have
previously found that the biochar induces specific bacterial populations in the rhizosphere (Kolton et al. 2011), and determined
that these populations are linked to reduced susceptibility to foliar
pathogens (Kolton et al. 2014).
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TAPPING INTO THE ROOT MICROBIOME TO IDENTIFY
NOVEL COMPOUNDS FOR PLANT PROTECTION
One possible mechanism that can explain the “biochar effect”
described above is that constituents of the biochar-enriched
root-associated microbiome produce secondary metabolites that
antagonize pathogenic microorganisms in the rhizosphere and
subsequently promote plant health (Tyc et al. 2017). The plethora of secondary metabolites produced by soil and rhizosphere
bacteria are often encoded on large biosynthetic gene clusters
coined non-ribosomal peptide synthases (NRPS) and polyketide
synthases (PKS) (Tracanna et al. 2017). These metabolites include
siderophores, toxins, pigments, antimicrobials and antifungals
that structure the rhizosphere microbiome and subsequently influence plant development and health. Despite their ecological
importance, we know little about the occurrence, diversity and
dynamics of NRPS and PKS in plant root ecosystems, or how these
metabolites influence microbe-microbe and microbe-plant interactions. Most rhizosphere bacteria cannot be cultivated using
conventional techniques and therefore, the secondary metabolites produced by these bacteria remain vastly unexplored. This
obstacle has been circumvented by applying novel culture independent molecular methodologies (Reddy et al. 2012).
We recently conducted a comprehensive study that targeted
NRPS- and PKS-associated biosynthetic genes using an integrated

approach that combined in-silico, molecular and bioinformatic
analyses. Specifically, we analyzed the genomes of 125 root associated bacterial isolates from a broad range of agriculturally
relevant crops as well as metagenome and metatranscriptomes
from mature tomato roots grown in sandy soil (courtesy of Avihai
Zolti and Dror Minz). The metagenomic dataset contained almost
all of the NRPS and PKS genotypes found in the cultured bacteria
(Figure 3A) as well as an additional 85% that were absent in the
cultured bacteria. This included potentially unique antibiotic and
antifungal compounds similar to pyridomycin, safamycin Mx1,
sessalin and tallysomycin (Figure 3B). This demonstrates the untapped reservoir of potentially novel antimicrobial and antifungal
compounds in the rhizosphere microbiome.
We are currently in the process of developing and applying novel
heterologous expression techniques to exploit this reservoir.

SUMMARY AND FUTURE DIRECTIONS
Next generation sequencing platforms have revolutionized our
capacity to understand the composition and function of rhizosphere microbiomes. As these technologies mature (i.e. long sequence technologies), this capacity will increase to a point where
we will be able to reconstruct entire genomes of complex microbial communities. A major caveat of these culture-independent
technologies stems from the fact that bioinformatic analyses are

Figure 3. Distribution and characterization of secondary metabolite (NRPS, PKS)-encoding genes in cultured genomes (WGS), tomato
metagenomic (MG) and tomato metatranscriptomic (MT) data. (A) Venn diagram showing common and unique genes in the three targeted environments. (B) Heat map specifically showing antibiotic-like genes in the three targeted environments.
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only as good as the annotated databases. Future research will
therefore need to combine use of novel culture media and stateof-the-art genetic engineering tools to elucidate the function of
antimicrobial encoding genes. q
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Dr. Cytryn
Dr. Cytryn is a microbial ecologist, whose research primarily focuses on plant-microbe interactions and on environmental dimensions of antibiotic resistance (targeting ecosystems impacted by
reclaimed wastewater irrigation and animal husbandry). His lab
implements both culture based and culture independent methods to delineate microbial communities and antibiotic resistance
genes in the environment, with specific emphasis on next-generation sequencing based metagenomic approaches.

Dr. Max Kolton
Dr. Max Kolton is a postdoctoral associate at Georgia Institute of
Technology exploring the impact of climate change on microbial
processes in peat bogs. He previously conducted his PhD in Dr.
Cytryn’s lab where he worked on plant-microbe interactions.

Barak Dror
Barak Dror is a PhD candidate in Dr. Cytryn’s lab who is researching
the role of secondary metabolites in plant-microbe interactions.
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Understanding the root microbiome for the benefit
of agriculture
By Avihai Zolti, Alla Usyskin-Tonne, Prof. Yitzhak Hadar and Dr. Dror Minz
ABSTRACT
This study focused on the
impact of environmental
cues on bacterial communities living along and interacting with plant roots. We
specifically focused on how
irrigation with recycled municipal wastewater, a common practice in Israel, affects
root and soil bacterial communities. In addition, we studied plant root-bacterial interactions, and the implication of denitrifying bacterial
isolates on soil ecology. These bacteria facilitate denitrification, nitrate reduction to nitrogen gas, a prominent process that occurs naturally in agricultural fields. Incomplete
denitrification may results in emission of N2O, a potent
greenhouse and ozone depleting gas, and therefore we
target bacteria that can mitigate N2O emissions from soil.
INTRODUCTION
Plants are shaped by their surroundings and constantly interact
with their environment. External factors can modify the plant
size, structure and physiology (e.g. flowering time). More specifically, plant roots are affected by surrounding soil, but plant also
bear an important role in dictating soil properties. It was previously suggested that 10 to 40% of all sugars produced by plants
are secreted to the soil1. This shapes a unique environmental
niche- the rhizosphere, where specific bacteria thrive and interact with the plant roots, forming a unique bacterial community.
The factors that contribute to the final structure of the bacterial
community are mostly soil type, plant host and host developmental stage2. Different plants were shown to select for specific
bacterial groups, harboring different functionality associated
with environmental conditions3. This bacterial population can
modify plant physiology and support plant health and nutrition4.
In a previous study conducted in our group3, we found that
wheat and cucumber roots generate different environmental
conditions to their associated bacteria. While cucumber root
bacteria are primarily exposed to aerobic conditions- rich in oxy-
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gen, wheat roots are mostly anoxic- oxygen depleted. Therefore,
the wheat root environment is enriched in bacteria harbouring alternative respiration processes, where compounds other
than oxygen are reduced in the energy acquisition process. One
group of these anoxic bacteria are called denitrifiers, as they are
able to reduce nitrogen compounds such as nitrate and nitrite to
atmospheric nitrogen in a process called denitrification. However, when this process is not completed, the harmful by-product
nitrous oxide (N2O) is emitted to the atmosphere. N2O is a persistent greenhouse gas and a potent ozone-depleting substance
in the stratosphere. Based on current knowledge, the ability to
reduce N2O to the harmless atmospheric nitrogen gas is rare and
depends on a specific gene called nosZ.
We found that many active bacteria in wheat roots lack active
nosZ genes, indicating that denitrification in wheat roots may
produce high levels of N2O. This explains why agricultural soils
(and specifically root environments) are one of the main global
sources of N2O emissions, particularly from cereal fields, due to
their large areas. Agricultural management practices can modulate soil properties and consequently, these practices may shape
plant associated bacterial populations.
The use of municipal treated wastewater (TWW) for crop irrigation is becoming extensively common in Israel and other semiarid regions (i.e. Spain, Australia, and Southwestern USA), due
to the increasing scarcity of freshwater resources. Recently, we
characterized the effect of TWW irrigation on soil and root bacterial community structure. We found that TWW irrigation and soil
type are the primary factors that influence soil bacterial community composition (microbiome); and that TWW irrigation and
plant host are the primary factors that influence the composition of the root-associated microbiome5.
In this work, we demonstrate the power of agriculture practices,
specifically irrigation with water of lower quality, on the plant
root bacterial community, and show how specific bacteria, within the framework of plant-microbe interactions, can manage
processes with global environmental implications.
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RESULTS AND DISCUSSION
We tested the effect of irrigation with TWW on the
bacterial communities of tomato and lettuce roots and
their associated soils by targeting the small subunit ribosomal RNA gene, a marker for bacterial taxonomy.
Several parameters were investigated including the
diversity of the bacterial community, including how
many members it consists of and how equally they are
distributed. This trait is collectively represented by a
parameter termed the “Shannon index”. Soils microbiomes were found to be much more diverse compared
to root-associated bacterial populations (Figure 1).
This is expected, since the plant root “choose” specific
organisms to live on their surface. To our surprise, TWW
irrigation did not significantly affect the diversity of the
root or soil microbiomes. The bacterial community was Figure 1. Bacterial community diversity (Shannon index) associated with tomato and
lettuce roots and the surrounding soils, irrigated with freshwater (FW) or treated
taxonomically characterized based on “bacterial classwastewater (TWW).
es”. We found that some classes, such as Actinobacteria, are more abundant in freshwater (FW) irrigated
roots; while others like Gammaproteobacteria thrive
on TWW irrigated roots (Figure 2). Gammaproteobacteria were previously shown to thrive in nutrient-rich
environments6. These are “Fast food” eating bacteriaexploiting the available food sources and using the
available nutrients and energy for growth.
The changes in abundance of specific bacterial populations, as demonstrated here, may have broad implication on the plant-associated ecosystems, and
therefore, we hereafter focused on denitrification as
a model process with substantial ecological and environmental ramifications. We inoculated a model plant
system with bacteria enhanced in their capacity to
reduce N2O to nitrogen gas (Figure 3), with the aim
of “completing” incomplete denitrification. For this, we
isolated several bacteria from wheat roots that were
efficient in N2O reduction in liquid media and studied
their activity under different environmental conditions.
To mimic a broad spectrum of soil conditions, N2O Figure 2. Relative abundance of the most abundant bacterial taxonomic groups (class
level), on tomato and lettuce roots irrigated with fresh water (FW) or treated
emission from pots growing 14-day-old wheat plants
wastewater (TWW).
was measured under both anoxic and ambient atmospheres. Three of these isolates reduced N2O with different
B did not impact N2O emissions, and isolate C enhanced N2O
levels of efficiency. Under anoxic conditions, inoculation of isoemissions by 39% (Figure 4).
lates A and B resulted in up to 20% and 38% reduction in N2O
We demonstrate, through bacterial amendments, the ability to
emissions respectively, compared to the non-inoculated plants,
manipulate in-planta denitrification, facilitating the-plant soil
whereas isolate C actually increased N2O emissions by 19% (Figsystem to complete this process. This has substantial ramiure 4). Similarly, under ambient atmospheric conditions, inoculafications for the future of agriculture because addition of
tion with isolate A reduced N2O emissions by up to 60%, isolate
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specific bacteria to soil can substantially mitigate N2O emissions from wheat fields. Nonetheless,
our results showed that the ability to reduce N2O in
media, could not predict the actual activity when
inoculated into a soil–plant system. Even though all
tested isolates have the genetic potential to reduce
N2O to nitrogen, and when inoculated into the soil–
plant system, preferred to colonize the roots, each
isolate behaved differently under diverse environmental conditions, e.g. altered oxygen levels. Isolate
B is able to reduce both nitrate and N2O, and functions better at lower oxygen levels. On the other
hand, isolate A cannot reduce nitrate, functions better at less anoxic conditions. Whereas isolate C increased N2O emissions, under both anoxic and ambient conditions. This novel approach to mitigating
N2O emission from agricultural soils may provide an
additional environmental tool in the fight against
these harmful emissions in agricultural fields. In
addition, these results emphasize the importance
of better understanding soil-plant-bacteria interactions, when environmental applications of beneficial bacteria are considered.
To summarize, we tested the effect of irrigation
with treated wastewater on the bacterial communities of two agricultural crops- tomato and lettuce.
We found that low quality water (e.g. TWW) will
not necessarily affect general bacterial community parameters such as the total diversity, but this
practice changed the composition of the microbial community. Moreover, we have demonstrated
how addition of specific bacteria, harboring specific physiological capabilities, can modify the plant
environment and mitigate undesired processes. q

Figure 3. Schematic representation of nitrous oxide (N2O) mitigation by addition of
nitrous oxide reducing bacteria to wheat plants irrigated with nitrate (NO3-) solution.

Figure 4. Effect of inoculation with isolates A, B and C on N2O emission from pots
growing 14-day-old wheat plants. Change in N2O emission in ambient (orange) and
oxygen depleted (blue) atmosphere was monitored compare to non-inoculated
control wheat plants..

REFERENCES
1. Jones, D.L., Nguyen, C., and Finlay, R.D. (2009) Carbon flow in the
rhizosphere: carbon trading at the soil–root interface. Plant Soil 321:
5–33.
2. Berg, G., & Smalla, K. (2009). Plant species and soil type cooperatively
shape the structure and function of microbial communities in the
rhizosphere. FEMS microbiology ecology, 68(1), 1-13.
3. Ofek-Lalzar, M., Sela, N., Goldman-Voronov, M., Green, S.J., Hadar, Y.,
and Minz, D. (2014) Niche and host-associated functional signatures
of the root surface microbiome. Nat. Commun. 5: 4950.

10 VOLCANI VOICE

4. Zamioudis, C., Mastranesti, P., Dhonukshe, P., Blilou, I., and Pieterse,
C.M.J. (2013) Unraveling root developmental programs initiated by
beneficial Pseudomonas spp. bacteria. Plant Physiol. 162: 304–18.
5. Zolti, A., Green, S. J., Mordechay, E. B., Hadar, Y., & Minz, D. (2018).
Root microbiome response to treated wastewater irrigation. Sci. Tot.
Envt.
6. Eilers, K.G., Lauber, C.L., Knight, R., and Fierer, N. (2010) Shifts in bacterial community structure associated with inputs of low molecular
weight carbon compounds to soil. Soil Biol. Biochem. 42: 896–903.

VOLCANI VOICE

Agricultural Research Organization Volcani Center

Dr. Dror Minz

Avihai Zolti

Soil, Water and Environmental Sciences, Agricultural Research
Organization, Volcani Center, Rishon LeZion, Israel.

- Soil, Water and Environmental Sciences, Agricultural Research
Organization, Volcani Center, Rishon LeZion, Israel.
- Robert H. Smith Faculty of Agriculture, Food and Environment,
The Hebrew University of Jerusalem, Rehovot, Israel.

Dr. Dror Minz completed his M.Sc. and Ph.D. at the Tel Aviv University and postdoctoral research at Northwestern University, Evanston, IL, USA and at the Max-Planck Institute for Marine Microbiology, Bremen, Germany. He has been a Research Scientist at
the ARO since 1998, and is currently the director of the Institute
for Soil, Water and Environmental Sciences. His research primarily
focuses on soil and plant microbiome in health and disease. During his time at ARO he has guided 10 M.Sc. students and 10 Ph.D.
students, as well as 9 Post-Docs and has published 84 papers and
7 book chapters and reviews.

Alla Usyskin-Tonne
- Soil, Water and Environmental Sciences, Agricultural Research
Organization, Volcani Center, Rishon LeZion, Israel.
- Robert H. Smith Faculty of Agriculture, Food and Environment,
The Hebrew University of Jerusalem, Rehovot, Israel.

Yitzhak Hadar
The Department of Plant Pathology and Microbiology at the
Robert H. Smith Faculty of Agriculture, Food and Environment,
The Hebrew University of Jerusalem, Rehovot, Israel.

VOLCANI VOICE

11

VOLCANI VOICE

Agricultural Research Organization Volcani Center

Pest management in agriculture: Development of insect
pathogens as alternatives to pesticides
By Dr. Dana Ment and Prof. Itamar Glazer
stone was the discovery of the bacterium Bacillus thuringiensis
(Bt) as a pathogen of flour moth. This bacterium is broadly used
worldwide for control of various pest in fruits and vegetable production. Israeli contribution to this field was highlighted by the
discovery of the mosquito larvae pathogen Bacillus thuringiensis
var. israeliensis, by Goldberg and Margalit in 1977.

ABSTRACT
Microbial control agents refer to microorganisms or its
direct products capable of infecting and reducing arthropods pests. Our aim is to increase the integration
of microbial control agents in pest management in various agricultural and horticultural environments in Israel,
including plantations, orchards, field crops and greenhouses. The research in our lab combine basic research
on host-pathogen interaction and applied research on
microbial control agents production and formulation
technologies. We expect that the global trend in development and application of microbial control agents will
be adopted in Israel as well.
WHAT ARE MICROBIAL CONTROL AGENTS?
In agriculture,”bioiological control” refers to the use of a population of one organism to reduce the population of another organism that causes damage to agriculture production(van Lenteren
et al., 2018). For example, the use of “ladybug beetles” for reduction of aphids in various crops. Insects, like humans and animals,
severely suffer from infection by microorganisms such as viruses,
bacteria, protozoa and fungi. The first scientific records of insect
pathogens and the starting point of the discipline of insect pathology are known from the work of Agostino Bassi and Louis
Pasteur in honeybees and silkworms. This biological phenomenon has been harnessed by scientists for the benefit of mankind
to control of agricultural pests. The first use was in 1880’s as Elie
Metchnikoff produced an insect pathogenic fungus Metarhizium
anisopliae to control wheat cockchafer. Another significant mile-
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WHY USE MICROBIAL CONTROL AGENTS (MCA)?
Public demand for reduction, or even total elimination, of chemical residues in agricultural products, coupled to increased concerns about the negative environmental effects of these pesticides, facilitated the need to develop alternatives for control
of pests in agriculture. This led to initiation of new regulations
and governmental policies such as the European Union Act on
replacement of synthetic pesticides. MCA are considered an attractive alternative to chemicals due to their low toxicity to humans and the environment; and the fact that they do not leave
residues. In addition, MCA can be produced in large scale and
sold at competitive prices.
HOW MCA ARE APPLIED?
MCA are straightforwardly integrated into pest management
practices, where they can be combined with chemical pesticides and agro-technical practices. The main application is by
augmentative release, which entails application of large quantities of the MCA infective units in a short period of time in order
to achieve the maximal efficacy.
Worldwide, over 200 MCAs have been approved for pest management; of which, ~30 are fungal-based pesticides. The main
targets of these mycopesticides are moth, beetles, aphids, thrips,
termites and mites (Van Lenteren et al. 2018).
RESEARCH IN OUR LAB
The main objectives of our research is to increase the integration
of MCA in pest management in various agricultural and horticultural environments in Israel, including plantations, orchards,
field crops and greenhouses. We combine basic research on
host-pathogen interaction and applied research on MCA production and formulation technologies. The study of interaction
is focusing on MCA resistance mechanisms in the host, and the
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genetic regulations during early stages of disease progression.
We differentiate between the stages of disease and compare
healthy versus diseased insects (Figure 1). For instance, in a previous study we observed that the entomopathogenic fungus,
Metarhizium brunneum, penetrated the body surface (cuticle) of
fungus-susceptible host while the same fungus perished on the
body surface of fungus-resistant host. The mechanism of cuticle
penetration involved several cuticle-degrading enzymes which
were not translated while the fungus developed on the resistant
host. Now, we study the genetic regulation involved in cuticle
penetration. We aim to discover new virulent factors in the fun-

gus and manipulate them for higher efficacy against pests. Once
a highly pathogenic MCA is identified we develop a scaled-up
protocol for its production and assess its efficacy in field trials
(Figure 2). In a recent study we produced and applied Metarhizium brunneum as a preventative control mean against the
destructive Red Palm Weevil. The fungus was applied on date
palms in advance. Adult weevils were introduced to the trees to
lay eggs and colonize the trees. The results demonstrated that
treated palms were not colonized by the weevils and fungus
prevented the establishment of this severe pest.

Figure 1. Morphology of healthy lepidopteran larvae, Spodoptera litorallis, and scarab beetle, Maladera insanabilis (Left); and the same species infected
with the entomopathogenic fungus Metarhizium brunneum (Right) which was isolated in Israel by Dr. Gindin.

Figure 2. Description of the steps required for development and production of a microbial control agent. The entomopathogenic fungus, Metarhizium
brunneum, isolated from an infected Red Palm Weevil. The isolate routinely cultured on a synthetic media, fermented in a bioreactor to produce masses
of fungal hyphae. During hyphal fermentation, conidia, the infective units are produced and extracted from the media. Conidia are being formulated for
field application against the weevil in a date palm plantation.
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CONCLUSIONS AND FUTURE PERSPECTIVES
We expect that the global trend in development and application of MCAs will be adopted in Israel as well. The integration of
both basic and applied research together with close professional
connections with regional R&Ds, companies and farmers will increase demand for microbial control products. However, regulation and registrations tracks need to be changed to facilitate the
use of these products. This can be done by prioritizing registration of safer pesticides and subsidizing farmers that choose to
combine or substitute safer pesticides with synthetic pesticides.
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From the lab to the field – The case study of Frateuria
defendedns as a novel solution for plant diseases
By Dr. Einat Zchori-Fein
ABSTRACT
Phloem-restricted, insectborne plant pathogens pose
a major threat to agricultural products. We recently
found a novel endophytic
bacterium that can be introduced into crop plants
and markedly reduce yellows and greening disease
symptoms. The bacterium is
being developed as an environmentally safe, affordable
and effective solution for one of the main challenges
currently facing agriculture worldwide.
INTRODUCTION
Symbiotic interactions between insects and microorganisms
(including bacteria, fungi, viruses and unicellular eukaryotes),
range from parasitic to mutualistic. Among mutualisms, most
of the best described associations are based on nutritional or
defensive services provided by the symbionts to their hosts. In
nutritional associations, the microbes provide metabolites such
as amino acids and vitamins or digestive enzymes that aid in the
degradation of fastidious dietary polymers or the detoxification
of noxious secondary metabolites. In defensive interactions, the
minute symbionts protect their host against pathogens, parasites, parasitoids, or predators, often through the production of
antimicrobial compounds or toxins (Berasategui et al., 2016 and
references therein). Host-symbiont interactions may additionally
alter the host’s ecology and fitness, by manipulating reproduction, providing protection against environmental adversities
such as extreme temperatures, expanding the range of food
sources and more.
From a biotechnological perspective, symbiotic microorganisms
constitute a promising and mostly unexplored source for potential applications in medicine, bioremediation, industrial processes, and agriculture (Berasategui et al., 2016 and references
therein). The efficiency of both the microbes themselves, and
the compounds they produce has been optimized over millions

of years by natural selection, but in contrast to their free-living
counterparts, symbionts and their products have been tested
for their efficacy in a eukaryotic host. This large scale and long
refinement process greatly reduces the risk of deleterious side
effects to the host, thereby increasing the chances of successful
applications by human. Based on that assumption, Berasategui
et al. (2016) suggested that the knowledge on host-microbe
interactions can be exploited for biotechnological use by: (1)
targeting or utilizing symbiotic interactions to control agricultural pests or vector-borne diseases or to improve the health of
beneficial insects such as honeybees and (2) the application of
symbiont-produced compounds such as small bioactive molecules or enzymes for pharmaceutical use or industrial processes.
Described here is a case study of what started as a basic research
project and the road it traveled until its current field testing
phase.
In 2010, we initiated a project that was aimed to test the hypothesis that specific symbiotic bacteria are correlated with the ability of insects to transmit plant pathogens. Although the hypothesis was not supported, the research yielded several unexpected
results, including the discovery that the obligate symbionts of
soft scales (Hemiptera: Coccidae) are fungi rather than bacteria
(Gomez-Polo et al., 2017). Within the framework of this study, a
previously un-described bacterium was isolated from Hyalesthes
obsoletus (Hemiptera: Cixiidae), the planthopper vector of yellows diseases in grapevine (Iasur-Kruh et al., 2017). This microbe
was temporarily named Dyella-like bacterium (DLB), subsequent
morphological, biochemical and genome-based analysis placed
it as a new species within the genus Frateuria, and it is currently
described as Frateuria defendens (Figure 1). Although it has been
found in an insect, this newly discovered bacterium possesses
properties that suggests it is an endophyte (i.e. plant symbiont).
In the wild bush Abraham’s balm (Vitex agnus-castus) it can be
found virtually year round, and the profile of the sugars it is capable of utilizing as food sources resembles the one found in plant
sap. When applied by spray or drench, F. defendens can colonize
the vascular system of at least nine different plant species, including annual and perennial crops such as grapevines,
carrots, potatoes and citrus. When sprayed on host plants
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Figure 1. The biocontrol agent Frateuria defendens photographed
under a scanning electron microscope (Lidor et al., 2018).

Figure 2. Green fluorescent protein (GFP)-labeled Frateuria defendens
(green dots) located in the vascular tissues of a carrot leaf as seen under a
confocal laser scanning microscope. Red dots are chloroplasts with
auto-fluorescence (Lidor et al., 2018).

ternodes and shoots, as well as plant and leaf length, to the level
of healthy ones (Figure 3; Iasur-Kruh et al., 2018). It was further
found that bacterial introduction into healthy grapevine plantlets, does not detrimentally affect any of the plant parameters
tested.
To enhance the endophyte’s efficiency in mature plants and under field conditions, its penetration into field-grown vines needed to be optimized. Surfactants are usually added to sprayed
chemicals in order to increase leaf coverage, prevent droplet
runoff and improve plant uptake. When several different surfactants were tested, highest penetration rates of F. defendens
were achieved when leaves were sprayed with bacterial concentration of 108 or 109 colony forming units/mL with addition of
0.1% Tween 20 (Naor et al., submitted).
The mode of action utilized by F. defendens to reduce phytoplasma symptoms is yet unknown, it’s influence on infected plants
could be inferred from mechanisms used by other beneficial
bacteria for suppressing phytopathogens. The latter include: (i)
competition with the plant pathogen for nutrients and/or suitable colonization niches; (ii) stimulation of the plant’s induced
systematic resistance (ISR); (iii) secretion of metabolites that
enhance plant growth (PGRs); and (iv) secretion of substances
that inhibit the pathogen’s growth. To date, competition over
essential metabolites was ruled out using genome-based systems biology tools (Iasur-Kruh et al., 2018). The production of
plant hormones such as auxin does not seem likely based on the
fully sequenced genome, and similarly, no evidence for genes
involved in ISR or plant growth enhancement in general was detected (Lahav et al., 2016). The possible secretion of antimicrobial
substances gained support by the finding that supernatant in
which F. defendens was grown, inhibits the growth of Spiroplasma melliferum, a cultured bacterium that has been previously
used as a model for phytoplasma inhibition studies (Iasur-Kruh

it appears to penetrate the leaves via the stomata, and can be
detected up to four weeks post application in un-treated leaves
both above and below the treated plant part (Figure 2; Lidor et
al., 2018).
The unique ability of F. defendens to enter through leaves and
colonize the vascular system of plants facilitates interaction with
plant pathogenic bacteria that inhabit the same niche. Indeed,
when that bacterium is introduced into phytoplasma-infected
grapevine plantlets, its presence significantly reduces the disease symptoms, including marked effects on the number of in-
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Figure 3. The presence of Frateuria defendens (Fd) reduces the symptoms
of the plant pathogen phytoplasma in grapevine plantlets (Iasur-Kruh et
al., 2018).
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et al., 2017). Nonetheless, the compounds responsible for the
symptom reduction, as well as other mechanisms that might be
involved in the phenomenon are yet to be determined.
Taken together, the results from this comprehensive study suggest that F. defendens could be developed as a biocontrol agent.
The data assembled along with the unique protocol developed
for application of the bacterium under field conditions, will enable further assessment of the bacterium’s potential applications.
Along these lines, field experiments with the prospective biocontrol agent against yellows disease in grapevines are ongoing in Italy, and additional field studies in the USA and Brazil will
soon assess the capacity of Frateuria defendens to mitigate citrus
greening disease (caused by the fastidious bacterium Liberibacter). In addition to the Israeli team, these multinational efforts
involve researchers from various academic institutions, farmers
and several companies in Denmark, the US and Italy. If successful, the combined efforts will result in an environmentally safe,
affordable and effective solution for some of the most severe
challenges currently facing agriculture worldwide. q
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Ciliate protozoa: Friends or foes
By Dr. Elie Jami and Bar Levy
ABSTRACT
Methane is a potent greenhouse gas contributing significantly to the greenhouse
effect, and its mitigation
remains a major goal in agriculture. Ruminants are major contributor to methane
emission as a result of the
microbial fermentation occurring during digestion in
the rumen. Ciliate protozoa, eukaryotic microorganisms
found in the rumen, were suggested to contribute to
methane emission via their interactions with methanogens; the methane producing organisms in the rumen.
In our lab, we aim to uncover those potential interactions between protozoa and methanogens in the rumen
and their connection to methane production.
INTRODUCTION
The rumen is the first compartment of the ruminant’s digestive
system. It is host to a rich and diverse community of microorganisms belonging to the three kingdoms of life: bacteria, the most
numerically abundant microorganisms in the rumen, archaea,
thought to be only composed of methanogens, and eukaryotes,
the majority of which are ciliate protozoa. This community is responsible for the breakdown and fermentation of the ingested
plant material in order to produce available energy for the cow 1,2.
Thus, the cow is completely dependent on its rumen microbiome.
An accumulating body of work over the past decade showed that
the microbiome composition is largely variable between individual animals, and that it exerts a large influences on its host including determining feed efficiency (the ability to extract energy
from the feed) and host physiology 3–5. However, this tremendous
feat comes with an environmental price; chiefly the production
and emission of methane, a greenhouse gas 25 times more potent
than CO2, with a substantial negative impact on the environment1.
The microorganisms responsible for the production of methane
in the rumen are archaea known as methanogens. Similar to feed
efficiency, the composition of the microbiome was shown to be
linked to the individual variation in methane emission between
cows 4–6. Thus, large efforts are being made to understand this link
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and develop methods involving modulation of the microbiome
in order to mitigate methane emission 1,7. An interesting and severely understudied avenue related to methane emission, is the
potential contribution of ciliate protozoa in the process of methane production 8. Protozoa are single-celled eukaryotic microorganisms considered to be the simplest form of animal 2. Despite
the fact that they account for up to 50% of the microbial biomass
in the rumen, their role in rumen metabolism and ruminant physiology, including their contribution to methane emission remains
unclear 8. Studies spanning 50 years showed lower in-vivo production of methane in the absence of the protozoa by means of “defaunation”, a procedure aimed at eliminating protozoa from the
animal 8. Additionally, In-vitro experiments revealed that production of methane in the presence of protozoa can increase between
9%-25% when compared to incubated rumen fluid (along with its
microorganisms) in the absence of protozoa 9. As protozoa themselves do not produce methane, these observations suggest that
a link exists between protozoa and methanogens. This is further
strengthened by the observation that some methanogens are
physically associated with protozoa 10. Ruminal protozoa typically
feed on microorganisms, however some of them are not degraded and continue their metabolism inside the protozoa as potential
endosymbionts or attached extracellularly as ecto-symbionts 10.
Numerous questions arise regarding the protozoal association
with methanogens and their effect on methane emission. In this
study, we set out to answer the following; (1) What is the effect of
protozoa on methane emission? (2) Is there a taxonomic preference regarding the identity of the methanogens associated with
protozoa and if so, can we infer the nature of these associations.
A better understanding of these interactions will lead to potential
future strategies for methane mitigation based on the modulation
of the microbiome.

METHODOLOGY AND RESULTS
We initially aimed to assess the relative contribution of protozoa in
enhancing in-vitro methane emission (figure 1). Rumen fluid was
extracted from five cows and the protozoa were removed by
sedimentation in funnel tubes with applicable medium at 39 °C
The rumen fluid was then incubated in anaerobic tubes for 48
hours, either with whole rumen prokaryotic community (bacteria
and methanogens) excluding protozoa or with the addition of the
protozoa. Methane production was quantified every 24 hours us-
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nogens associated with protozoa, we developed a
procedure aimed at isolating and fractionating protozoa and their associated methanogens into size
based sub-populations from the rumen fluid (figure 2). Using descending filter pore sizes (100µm,
60µm, 40µm and 10µm), our procedure allowed
us to obtain different protozoa sub-populations
characterized by their size. The 100µm and 60µm
filtrates (named P-100 and P-60, respectively) dominated with large Polyplastron and Ophryoscolex
while 40µm filter (P-40) showed mostly Isotricha
and the small 10µm filter (P-10) had a mixed population of Dasytricha, Entodinium and Isotricha. The
filtrate of 10µm (P-<10um) contained almost entirely the protozoa Dasytricha. Thus, the fractionation yielded substantially different protozoa subpopulations.
The abundance and composition of the protozoa
associated methanogens was assessed across the
different protozoa sub-populations obtained usFigure 1. Change in methane production with/without protozoa. The bars represent the ing real-time PCR and amplicon sequencing of the
difference in methane production between rumen fluid incubated with protozoa and fluid 16S rRNA gene, commonly referred as the bacteincubated without protozoa. The vertical axis represent the fold change. For example, cow#1 rial “fingerprint”, for quantifying and identifying
exhibited a two-fold increase in methane production after 24 and 48 hours incubation. The the methanogens (figure 3). We first observed that
light grey bar represent the change in methane production after 24 hours and the dark grey
protozoa sub-populations are significantly enafter 48 hours.
riched with methanogens compared to the freeliving rumen population. While the ratio between
methanogens and bacteria in the free-living fraction exhibited a ~1/100 (i.e. 1 methanogenic cell
for 100 bacterial cells) several protozoa fractions
exhibited a 1/10 ratio between methanogen and
bacteria in the larger size protozoa (i.e. 1 methanogen for 10 bacteria; figure 3A). This suggests
Figure 2. Pipeline for the separation of protozoa for identification of associated metha- that methanogens may be more prominent in
nogens. After sampling, the rumen fluid is incubated for one hour in a separating funnel with
some protozoa populations compared to others.
a tap on the bottom to pour the protozoa fraction. The protozoa are then separated using
When we compared the identity of the methadescending size of pores (100µm, 60µm, 40µm and 10µm). DNA is then extracted for fingernogens associated with protozoa and the freeprinting analysis and quantification
living methanogenic population, we found that
ing gas chromatography, which analyzes gas compounds. We obthe methanogenic population associated with protozoa exhibits
served significantly higher methane production in the presence
significant differences in composition (figure 3B). All protozoal
of protozoa compared to rumen fluid incubated without protofractions contained Methanobrevibacter as the most frequent gezoa (figure 1). The enhancement in methane production varied
nus accounting for up to 80% of the methanogenic community
between cows but could account for an increase of between 25
compared to the free-living methanogenic communities, which
- 80% in methane production. Our results thus show that protozoa
was dominated by Methanomassiliicoccaceae. The differences in
may play an even greater role than previously thought in enhancdominance between the different methanogenic taxa hint at difing methane emission.
ferent pathways to produce methane. Methanobrevibacter
In order to determine the taxonomic composition of the methaspecies are typically known to use hydrogen (H2) as part of
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Figure 3. Methanogens population in the different protozoa fractions. (A) The ratio between the methanogens and bacteria in the different size filters
obtained using real-time PCR. Each fraction represent the filter used to obtain it; 100µm, 60µm, 40µm and 10µm named “P-100”, “P-60”, “P-40” and “P-10”,
respectively. “P-<10” accounts for the filtrate of 10µm filter. “Free-living” describes the whole rumen free-living methanogens. Fractions P-100 and P-60
(the larger protozoa exhibited the highest ratio of methanogens with one methanogenic cell for 10 bacterial cells identified (10%). The ratio in the fraction not associated with protozoa (free-living) was one methanogenic cell for 100 bacterial cells identified (1%). (B) The identity of the methanogenic
taxa in each fraction. Methanobrevibacter was the dominant taxon in the protozoa associated community and Methanomassiliicoccaceae was more
abundant in the free-living community.
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their metabolism to produce methane 8. Given that protozoa
are known H2 producers, this observation suggests that methanogens requiring hydrogen for their metabolism may find protozoa
an attractive environment.

CONCLUSIONS
The observed protozoa-induced enhancement of methane emission suggests that a symbiotic interaction between methanogens
and protozoa exists. The higher emission of methane in the presence of protozoa led us to develop a procedure for the isolation
and fractionation of the protozoa in order to identify the methanogenic taxa associated with different protozoa. This method
demonstrated that the larger protozoa sub-populations carry a
higher methanogenic load, suggesting that these populations
might be more involved in enhancing methane emission. We plan
to further examine this possibility by assessing the differential
contribution of the obtained protozoa sub-populations on methane production. These findings carry great implications regarding
our understanding of the role of protozoa in methane emission
from ruminants, and may constitute a basis for novel methane
mitigation strategies, which remains a major goal in agricultural
research today. q
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Biological control of postharvest diseases: The Second half
of sustainability
By Prof. Samir Droby
ABSTRACT
Postharvest biological control agents as a viable alternative to the use of synthetic
chemicals have been the focus of considerable research
for the last 30 years by many
scientists and several commercial companies worldwide. Several antagonists of
postharvest pathogens have
been identified and tested in laboratory, semi-commercial, and commercial settings and were developed into
commercial products. One of the success stories in this
field is the development of Metschnikowia fructicola as a
commercial product under the commercial trade name
“Shemer. This product was developed by Droby’s team
at ARO in conjunction with a commercial company, and
proved to be effective against a wide range of pre and
postharvest diseases of fruits and vegetables. The yeast
strain possesses unique features of being heat- and osmotolerant, and proved to successfully colonize plant
and fruit surfaces. The progress made in recent years
in metagenomic technologies can be exploited to characterize the composition of microbial communities on
fruits and vegetables. Information on the dynamics and
diversity of microbiota may be useful to developing a
new paradigm in postharvest biocontrol that is based
on constructing synthetic microbial communities that
provide superior control of pathogens.
INTRODUCTION
Sustainable agricultural production systems, organic agriculture,
regional food production, home gardening, public aversion to
genetically-modified crops, and environmental stewardship, are
all topics that over the last 20 – 30 years have fueled a greater
interest in finding alternative approaches to plant disease management that do not rely on the use of synthetic chemical pesticides. Based on these public concerns and legitimate health and
safety concerns, government regulatory agencies have become
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more restrictive about the materials and products that can be
used in agricultural production. This has been especially true for
the use of postharvest fungicides and these restrictions have
had a great impact on the export and shipment of harvested
produce to foreign markets.
Postharvest fungal pathogens are the main cause of losses of
fresh fruits and vegetables at the postharvest, distribution, and
consumption levels. While reports on the level of these losses
are conflicting, a report by the Food and Agriculture Organization (FAO, 2011) indicated that global average loss in Europe,
North America and Oceania is about 29%, compared to an average of about 38% in industrialized Asia, South East Asia, Africa
and Latin America.
Chemical control of postharvest diseases, applied in orchard or
after harvesting, chemical control is still the most widely used
method to reduce fresh produce losses. Biological control based
on naturally occurring microorganisms, has been suggested as
viable alternative to chemicals and was the most studied among
other alternatives (Droby 2016). The primary justification for
conducting postharvest biocontrol research was to reduce or
replace the use of synthetic chemicals (Wilson and Wisniewski,
1989). The assumption is that prospects for the success of postharvest biocontrol products were greater than that of biocontrol agents developed to manage soil and foliar diseases. Factors
supporting this premise were the ability to better regulate the
physical environment (temperature, humidity, etc.) during postharvest processing and storage, the ability to target high numbers of the biocontrol agent directly to the desired location of
activity, and the overall value of the commodity.

THE DISCOVERY AND DEVELOPMENT OF POSTHARVEST
BIOLOGICAL CONTROL PRODUCTS
The use of fungal and bacterial species to either modify or preserve food has been an integral part of human civilization. To
extend this concept into a scientific approach for managing
postharvest decay is perhaps very logical rather than farfetched.
Regarding postharvest biocontrol, there has been an underlying hypothesis that there are species of microbes present on
fruit and vegetable surfaces, as well as on harvested grain, that
are antagonistic to fungi that cause decay. By identifying these
species, and reapplying them to the surface of harvested com-
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modities in high numbers, one
could extend the shelf life of the
commodity without the use of a
synthetic chemical.
In the past thirty years, there have
been extensive research activities
to explore and develop strategies
based on microbial antagonists to
biologically control postharvest
pathogens (Spadaro and Gullino,
2004; Droby et al., 2009; Sharma
et al., 2009). Impressive progress
was made in development, registration and commercialization
of biocontrol products to manage key postharvest pathogens,
such as Penicillium expansum,
Penicillium digitatum, Penicillium
italicum, Fusarium sambucinum,
Rhizopus stolonifer and Botrytis ciFigure 1. The commercial yeast product “Shemer” is registered in Israel for use against various postharvest
nerea. Different products reached
diseases of fruits and vegetables.
advanced stages of development
ease of avocado, but its use has been limited due to inconsistent
and commercialization. Biosave™ (Pseudomonas syringae Van
results (Demoz and Korsten, 2006). Furthermore, Nexy, based on
Hall) was originally registered in the USA for postharvest applianother strain of C. oleophila was developed in Belgium and is
cation on pome and citrus fruits, and it was later extended to
now registered throughout the European Union (Lahlali et al.,
cherries, potatoes and sweet potatoes (Janisiewcz and Peterson,
2011). Finally, BoniProtect™, developed in Germany and based
2004). Among yeast-based products, Aspire™ (based on Candida
on two antagonistic strains of Aureobasidium pullulans, is used as
oleophila) (Liu et al., 2013) and Yieldplus™ (based on Cryptococpreharvest application to control wound pathogens developing
cus albidus) (Janisiewicz and Korsten, 2002) were commercialon apples during storage.
ized for some years but were withdrawn from the market due to
various reasons; including low and inconsistent efficacy under
METSCHNIKOWIA FRUCTICOLA AS POSTHARVEST
commercial conditions, low profitability, difficulties in market
BIOCONTROL AGENT
penetration and perception of the customers/industry, small size
The yeast Metschnikowia fructicola (type strain NRRL Y-27328,
companies with low available resources to maintain developCBS 8853) was first isolated from grapes in the Volcani Center by
ment and commercialization. Other products have been more
Droby et al in 2000 and was identified as new species by Kurtzsuccessful, including Shemer™, based on the yeast Metschnikowman and Droby in 2001 (Kurtzman and Droby, 2001). This yeast
ia fructicola (Droby et al., 2009, see below), initially registered in
was further developed as commercial product and reached the
Israel for both pre- and postharvest application on various fruits
market under the trade name “Shemer” (Droby et al., 2009). It was
and vegetables, including apricots, citrus fruit, grapes, peaches,
initially registered in Israel for both pre- and postharvest applicapeppers, strawberries, and sweet potatoes. Shemer™ was later
tion on a variety of fruits and vegetables, including apricots, citacquired by Bayer CropScience (Germany) and recently sublirus fruit, grapes, peaches, peppers, strawberries, and sweet pocensed to Koppert (Netherlands). A commercial formulation of
tatoes and was then acquired by Bayer CropScience (Germany)
Candida sake has been developed for use on pome fruit and
and sublicensed to Koppert (Netherlands) (Droby et al., 2016).
grapevine and registered in Spain under the name Candifruit™
M. fructicola possess unique features of being a heat- and os(Calvo-Garrido et al., 2014), however, it is not yet used due to
motolerant strain and proved to successfully colonize plant
distribution constrains. In South Africa, Avogreen™ has been inand fruit surfaces. In this regard, Blachinsky et al. (2007),
troduced for the control of Cercospora spot, a postharvest dis-
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2018) granted registration for use
in the US by the Environmental
Protection Agency (EPA) and also
it has reached its final stages of
registration in Europe.

POSTHARVEST BIOCONTROL
IN THE MICROBIOME ERA
While postharvest biocontrol research has been conducted for
the past 30 years (Wisniewski et
al. 2016, Droby et al. 2016), with
several biological control prodFigure 2. Efficacy of preharvest application of “Shemer” against grey mold development on strawberries
ucts being produced, the era of
microbiome-based research has
opened a whole new frontier that
will greatly expand our knowledge of postharvest pathology
and biology and offer new application opportunities (Droby and
Wisniewski 2018). The growing
evidence
that plants and their microbiomes have evolved together, or
at least form a composite metaorganism, offers a new perspective on how we may utilize the
microbiome to develop innovative strategies for preserving
food. The composition and fate
of the microbiome on fruit and
vegetables over time and in response to postharvest manageFigure 3. Prevention of Rhizopus rot of sweet potatoes during storage by the Shemer and potassium bicarbonate.
ment practices has begun to be
has taken the approach of preventing postharvest decay
explored but the role and function of the microbiome of harby administering several preharvest applications of a yeast to
vested produce is still somewhat unknown. This is especially true
strawberry flowers and fruit in the field throughout the growfor fruits (Droby et al. 2018). While the rhizosphere is generally
ing season (Fig. 1). This approach addresses the problems of preconsidered to be nutrient rich and host a high level of microbial
established and latent infections. Shemer has been shown to be
diversity, the phyllosphere, again in general, is seen as lacking in
effective against rots caused by Botrytis, Penicillium, Rhizopus
nutrients and hosting a much lower level of microbial diversity.
and Aspergillus on strawberries (Karabulut et al., 2004), grapes,
Which model pertains to developing fruit, however, is an open
sweet potatoes, carrots and citrus (Blachinsky et al., 2007). The
question, since its nutrient status changes with development,
product is registered in Israel for use as pre and postharvest apbecoming rich in sugars and amino acids, other metabolites, and
plication (Fig. 2). Additionally, efficacy of the product for postharvolatiles, as it matures and ripen. How this affects the epiphytic
vest applications was markedly enhanced by addition of a relaand endophytic microbiome, and how the microbiome impacts
tively low concentration (0.1%) of potassium bicarbonate (Fig. 3)
the host, remains to be determined. The human microbiome is
(Blachinsky et al., 2007). M. fructicola was recently (September
clearly impacted by what we eat and how that food has been
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grown, handled, and processed (Berg et al. 2015), yet the postharvest microbiome is only beginning to be the subject of investigation. The function and fate of the microbiome on produce
once it is harvested represents an area of unknown knowledge.
The practices and environments that affect produce once it is
harvested are completely different from the parameters that affect the microbiome when produce is being grown.

CONCLUSIONS
Pesticide residues in fresh fruits and vegetables have been and
will continue to be one of the main concerns of regulatory
agencies and consumers. Therefore, reducing or eliminating the
pre- and postharvest use of synthetic chemical fungicides by developing alternative management strategies remains a high research priority. All indications show that the biopesticide industry will continue to grow and eventually become a mainstream
approach to diseases control. We are definitely moving into an
“age of biology” and away from the “age of chemicals.”
Numerous microbial antagonists (yeasts and bacteria) of postharvest pathogens have been identified and tested in both
laboratory, semi-commercial, and commercial studies. Several of
these antagonists reached advanced levels of development and
commercialization. Nonetheless, numerous challenges and opportunities still exist as this field of research matures. A probable
scenario is that the use of postharvest biocontrol will continue
to increase slowly but will complement or be combined with
low risk chemical fungicides, natural antimicrobial substances
and other physical means. q
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Application of probiotic bacteria for controlling Salmonella
contamination in poultry and enhancing food safety
By Prof. Shlomo Sela (Saldinger), Yulia Kroupitski, Rotem Amiti Taub and
Avishai Lublin
ABSTRACT
Consumption of food contaminated with pathogenic
bacteria results in diarrheal
diseases inflicting over 90
million people worldwide
and causing over 150,000
deaths, annually. Human
pathogens transmitted to
consumers through food are
termed foodborne pathogens. Salmonella is one of the major foodborne pathogens of concern for the agro-food sector as it is highly
widespread in agricultural settings and may persist
through food processing. Poultry are a known reservoir
of Salmonella and despite intensive intervention efforts,
Salmonella outbreaks related to poultry (meat and eggs)
occur in both developing and developed countries. This
article describes the isolation of probiotic lactic-acid
bacteria from Salmonella-free hens, which possess antagonistic activity against Salmonella. Utilization of such
probiotics as additional measure against Salmonella can
be incorporated as part of a multi-hurdle approach to
control Salmonella in poultry. Effective mitigation of Salmonella through all stages of the production and supply
chain should reduce both the occurrence and the level
of subsequent human exposure and will reduce illness
and the associated public health burden.
FOOD SAFETY AND FOODBORNE PATHOGENS
Food safety is related to the presence of food safety hazards at
the time of consumption, which include physical, chemical and
biological hazards that can occur at any stage of the food chain
from farm-to-fork. Quality and safety of food are the most important factors influencing consumer choice and are critical for food
manufacturers, including farmers. Microbial food safety refers to
the presence of hazardous microorganisms that may cause a disease following consumption. Disease-causing microorganisms
that are transmitted by food are called ‘foodborne pathogens’.
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Various foodborne pathogens are implicated in food contamination. These include bacteria, such as Escherichia coli, Salmonella
enterica, Campylobacter, Listeria monocytogenes; viruses, such as
norovirus, hepatitis A; and protozoa, such as Cyclospora and Giardia.
Foodborne illness is a major cause of morbidity worldwide with
a yearly estimate of over 90 million infected people and over
150,000 deaths. Besides human suffering, foodborne illness results in substantial economic losses to patients, food producers
and national economies. Intervention efforts by agricultural- and
food industry sectors have dramatically improved food safety in
recent years. However, despite some great human achievements
in many areas, we are still facing a considerable burden of foodborne illness in both developing and developed countries.
Among bacterial foodborne pathogens, non-typhoidal Salmonella, hereafter-designated Salmonella, is one of the most important causes of foodborne diseases, globally. For example, in
the USA, Salmonella is considered the most common bacterial
foodborne pathogen, causing over 1 million cases of illnesses
annually, including approximately 20,000 hospitalizations and
400 deaths.
Salmonella is an enteric pathogen that usually infects the human
gut and causes Salmonellosis, a disease that is typically characterized by diarrhea, fever and abdominal pain, and is generally
self-limited. Young children under 5 years-old and elderly are
among the most susceptible populations. Salmonella may be
acquired by consumption of contaminated food, such as meat,
eggs, milk, and water, as well as by consumption of contaminated fruits and vegetables, or by contact with infected food
animals and reptiles.
The main reservoir of Salmonella in industrialized countries is the
intestinal track of food-producing animals. Poultry is one of the
most important reservoirs of this pathogen and may serve as
a vehicle to transmit Salmonella to humans through the food
chain. Both broilers and layer hens may carry Salmonella in their
intestinal track without detectable symptoms, hence exacerbating the problem. Spread of the pathogen in the flock is facilitated by modern intensive rearing of mass production, and
contamination of carcasses is facilitated by the industrial massprocessing resulting in cross-contamination. The wide spread
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utilization of antibiotics in poultry production, as prophylactic,
therapeutic or growth-enhancing treatments, contributed to
the development of antibiotic-resistance in Salmonella, which
poses an additional threat to consumer health.

THE PROBLEM
Salmonella control in poultry includes surveillance, biosecurity
and vaccination implemented in brolilers’ rearing and egg production farms. In Israel, all birds that produce eggs for human
consumption are obligated by the Veterinary Services to be vaccinated for Salmonella (serovars Enteritidis, Typhimurium and
Infantis). However, despite moderate success of these measures,
poultry still serves as a major source of Salmonella. In the United
State, for example, ninety-two people were infected, in the last
several months, with a multi-drug resistant strain of Salmonella
serovar Infantis, in a multistate outbreak linked to consumption
of tainted chicken products. Additionally, more than 200 million
eggs were recently recalled because they may be contaminated
with a Salmonella strain involved in a multi-state salmonellosis
outbreak. Accordingly, additional intervention strategies are
needed to mitigate Salmonella contamination in poultry.

one bird to another through common feed and water systems,
contact with contaminated litter as well as through direct contact with each other. Consequently, even If only a single bird
becomes a carrier of Salmonella, it is conceivable that during
the production period the entire flock will become contaminated with the pathogen. Nevertheless, it is possible that even
in highly contaminated flocks individual birds will remain free of
Salmonella. It was hypothesized that such Salmonella-free birds
are colonized by unique intestinal microflora that exerts antagonistic properties that inhibit Salmonella colonization of the
chicken gut. Based on this hypothesis, we have screened more
than eight hundreds fresh fecal dropping from several flocks
of broilers and layers in Israel for Salmonella-free fecal samples,
which conceivably harbor microbial populations with Salmonella-antagonistic properties. Those Salmonella-free fecal samples
were used as a starting material for screening and isolating of
anaerobic lactic acid bacteria (LAB) with potential anti-Salmonella activity. LAB are commonly used as probiotic bacteria and
hence are considered safe for animal and human consumption.
The screening procedure used in this study is depicted in Figure
1. Briefly, fresh birds’ droppings were collected from the production farm in sterile plastic tubes and transferred under refrigeration to the laboratory, where a portion of the sample was tested
for the presence of Salmonella by standard

BIOCONTROL OF SALMONELLA BY PROBIOTIC BACTERIA
Probiotics are defined as live microbial preparation consisting of
high number of bacteria that
is given as feed additive and
results in a beneficial effect on
the host intestinal microbial
population. Although probiotics preparations are sometimes used in poultry production, different interactions may
occur between the probiotic
bacteria and the bird’s host
depending on the geneticlineage of the flock, the genetics of the probiotic bacteria, as
well as the nature of the feed
consumed. Thus, it may be
favorable to define a specific
probiotic formulation that will
be most suitable based on the Figure 1. Screening and isolation of antagonistic bacteria from Salmonella-free fecal samples. Fresh litter samples
specific bird’s genetics and the were collected from chicken house (upper left panel) and transferred to the laboratory. Bacteria were extracted by
mixing with buffer and spreading on Salmonella-selective agar plate. Salmonella colonies are shown as black dots
production setting.
Broilers are grown in large pro- on red agar plate (upper right). Salmonella-free litter samples were enriched for the growth of anaerobic bacteria usduction areas where Salmonella ing anaerobic jar (bottom right). Individual colonies were tested for their ability to inhibit the growth of Salmonella
on agar plates. An example of a transparent inhibition zone around two antagonistic bacteria grown on a loan of
can easily be transmitted from

m

Salmonella is shown in the left bottom panel.
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inhibition zone surrounding the LAB (see, bottom of Figure 1)
is indicative of Salmonella-growth inhibition. The identity of selected number of LAB was determined following sequencing of
the 16S-ribosomal DNA gene. The three most potent LAB strains
were identified as Enterococcus faecium, Lactobacillus salivarious,
and Lactobacillus reuteri.
Antimicrobial activity of the three isolates was tested against
the five most common Salmonella strains derived from poultry (Table 1). The tested isolates
had variable antagonistic activity against the different Salmonella strains as can be seen by
their variable Inhibition zones.
In order to proliferate within the
chicken gut, probiotic bacteria
should be capable of growing
in the presence of bile salts present in the bird’s intestinal track.
Consequently, the growth of the
three selected probiotic isolates
was also tested in the presence
of increasing concentrations of
bile salts (Figure 2). In most casTable 1. Table 1. Probiotic bacteria inhibit the growth of main Salmonella serovars in poultry.
es, except for E. faecium, addition
of bile salts up to 2% has augmented the growth of the probiotic bacteria. These findings support the potential application of
these three LAB isolates to serve
as probiotics feed-additive in
order to control Salmonella carriage in poultry. Further in-vivo
studies, using chicks, are required
to assess the effect of the probiotics on carriage of Salmonella in
the chicken’s gut. While strains of
the species L. salivarious and L.
reuteri are well-established probiotic treatments, some strains of E.
faecium were reported to cause
disease in humans and may also
carry antibiotic-resistance genes.
Therefore, the safety of the E.
faecium isolate should be determined before commencing furFigure 2. Growth of probiotic bacteria in the presence of increasing concentrations of bile salts.
ther studies.
procedure. Salmonella-negative fecal samples were then
streaked on LAB-selective agar plates and incubated under anaerobic conditions. Putative LAB colonies grown on these agar
plates were selected and tested for their ability to inhibit growth
of Salmonella (see, agar-plate image at the bottom of Figure 1).
Briefly, LAB were put on the center of a loan of Salmonella cells
on agar plate, and incubated for 24 hours. The presence of an
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table antagonistic activity against the different Salmonella
strains as can be seen by their variable Inhibition zones. In order
to proliferate within the chicken gut, probiotic bacteria should
be capable of growing in the presence of bile salts present in
the bird’s intestinal track. Consequently, the growth of the three
selected probiotic isolates was also tested in the presence of increasing concentrations of bile salts (Figure 2). In most cases, except for E. faecium, addition of bile salts up to 2% has augmented
the growth of the probiotic bacteria. These findings support the
potential application of these three LAB isolates to serve as probiotics feed-additive in order to control Salmonella carriage in
poultry. Further in-vivo studies, using chicks, are required to assess the effect of the probiotics on carriage of Salmonella in the
chicken’s gut. While strains of the species L. salivarious and L. reuteri are well-established probiotic treatments, some strains of E.
faecium were reported to cause disease in humans and may also
carry antibiotic-resistance genes. Therefore, the safety of the E.
faecium isolate should be determined before commencing further studies.

CONCLUSIONS
It should be noted that utilization of probiotics in poultry is not expected to completely eradicate Salmonella, but rather reduce Salmonella carriage in the intestinal track of the chicken. It is expected
that a successful treatment should reduce both the number of Salmonella cells in the chicken intestinal track as well as the number
of excreted Salmonella cells during the production stage, which
in turn should reduce cross-contamination during the production stages. It is foreseen that application of antagonistic probiotic
bacteria should serve as another component of a multi-hurdle approach, in addition to surveillance, vaccination, and strict hygienic
practices throughout the production chain in order to reduce salmonellosis and protect consumer’s health. q
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Using fluorescent labeling for tracking Bacillus subtilis
growth in milk
By Dana Inbar and Dr. Moshe Shemesh
ABSTRACT
Many types of bacteria proliferate in milk, as it provides
an ideal growth medium
due to its high nutritional
value. The opaqueness of
milk does not enable measuring of optical density to
determine bacterial growth,
which significantly lengthens analysis of bacterial
growth in milk for food safety and basic research purposes. We developed a unique real-time fluorescencebased method for tracking bacterial growth in milk,
which applies a microplate reader and direct microscopic observation. A fluorescently-tagged Bacillus subtilis was chosen as a model organism for this assay since
this bacterium is ubiquitous in milk and its products.
We suggest that the developed assay can be applied for
rapid detection of B. subtilis growth in milk.
INTRODUCTION
Bovine milk is highly nutritious and this makes it an ideal medium for the growth of microorganisms. The opaqueness of this
complex media makes it impossible to measure optical density
(the standard method for measuring bacterial growth). Currently, the widespread method for tracing bacteria growth in milk
is via plating on selective media and subsequently measuring
colony forming units (CFU) (Le Marc et al., 2009; Lu et al., 2013).
However, this method is time consuming and acquisition of results take at least 24 hours, depending on the reproduction rate
of the examined bacterium, and therefore, the amount of bacteria is only known in retrospect. In addition, the CFU method
contains many steps, which are highly prone to contamination.
To circumvent this issue, we compared two fluorescence-based
methods with short analysis times in order to track the growth of
bacteria in milk. We chose to analyze growth of fluorescently labeled Bacillus subtilis, which is a model Gram-positive bacterium.
Although B. subtilis is prominent in soil, it is found in many different ecological niches including dairy-associated environment
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where could be involved in spoilage of milk and its products
(Pasvolsky et al., 2014).

METHODS
B. subtilis NCIB3610 wild-type strain (Branda et al., 2001) and its
derivative a fluorescently tagged (with green fluorescent protein- GFP) strain YC161 (Chai et al., 2011) were grown in milk: the
fluorescence was detected with the appropriate filter of excitation at 485±20 nm and emission at 508±20 nm using a Synergy 2
multi-detection microplate reader (BioTek Instruments Inc., Winoosku, Vermont, USA). The microscopic observations and image
acquisitions were performed with an Olympus IX-81 laser scanning confocal microscope (FV 500, Olympus Optical Co., Tokyo,
Japan) equipped with a 488-nm argon-ion laser, 543-nm helium-neon laser and PlanApo20X0.7N.A or UPlanSApo40x0.9N. To
observe the fluorescence produced by the bacteria, a 488 nm
excitation and BA505-525 emission filter was used.
RESULTS
Detecting fluorescently tagged B. subtilis growth within
milk using a microplate reader
Figure 1 shows the growth of the fluorescently tagged B. subtilis YC161 strain in milk, which after a short lag phase, showed a
dramatic increase in fluorescence, and reached a plateau after
4 hours. In contrast, there was no signal in milk without bacteria, or with the untagged wild-type B. subtilis YC161 strain. This
confirms the specificity of the GFP detection by the plate-reader.
Consequently, it can be deduced that we are able to detect the
GFP protein produced by the fluorescently tagged B. subtilis during growth in milk.
Tracking after fluorescently tagged
B. subtilis growth in milk by confocal laser scanning
microscope (clsm)
To confirm the validity of the method for detecting bacteria
in milk, we established a real time quantitative experimental
system using CLSM to visualize and quantify the fluorescently
tagged bacteria (Figure 2). In the initial sampling following the
introduction of the starter culture into milk, we detected very
few bacteria. After a lag period of approximately three hours,
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Figure 1. Growth curve analysis through detecting fluorescently tagged B. subtilis in milk. The fluorescence signal was detected using a microplate
reader with the appropriate filter. The wild type untagged and the fluorescently tagged (YC161) strains were incubated in the UHT milk at 37°C, 150 rpm.
The control (milk without bacteria) and wild-type strain showed a similar trend of fluorescent detection. For the fluorescently tagged strain, an increase
in the fluorescent read is seen after 2 hours and after 4 hours there is an increase that reaches saturation.

Figure 2. Observed images of the fluorescently tagged wild type strain using confocal microscope. Every hour, 1 ml of each sample was washed
and 10 µl was placed onto a microscopy slide. (A) Initial sampling. (B) Sampling after 1 hour. (C) Sampling after 2 hours. (D) Sampling after 3 hours. (E)
Sampling after 4 hours. (F) Sampling after 5 hours. (G) Sampling after 6 hours. (H) Sampling after 7 hours.
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