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Abstract: A growing world population and an increasing demand for greater food production 11 
requires that crop losses caused by pests and diseases are dramatically reduced. Concurrently, 12 
sustainability targets mean that alternatives to chemical pesticides are becoming increasingly 13 
desirable. Bacteria in the plant root microbiome can protect their plant host against pests and 14 
pathogenic infection. In particular, Streptomyces species are well-known to produce a range of 15 
secondary metabolites that can inhibit the growth of phytopathogens. Streptomyces are abundant in 16 
soils and are also enriched in the root microbiomes of many different plant species, including those 17 
grown as economically and nutritionally valuable cereal crops. In this review we discuss the 18 
potential of Streptomyces to protect against some of the most damaging cereal crop diseases, 19 
particularly those caused by fungal pathogens. We also explore factors that may improve the 20 
efficacy of these strains as biocontrol agents in situ, as well as the possibility of exploiting plant 21 
mechanisms that enable the recruitment of microbial species from the soil to the root microbiome. 22 
We argue that a greater understanding of these mechanisms may enable the development of 23 
protective plant root microbiomes with a greater abundance of beneficial bacteria such as 24 
Streptomyces species. 25 
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1. Introduction 28 
Cereal crops or 'cereals' are plants belonging to the grass family Poaceae that are grown and 29 

harvested primarily for their edible grain [1]. The economic and social importance of cereal crops 30 
cannot be understated, as they provide fundamental nutrition for the vast majority of the world's 31 
population. Most cereal crops are grown primarily for their grain, which contains a nutritional 32 
starchy endosperm, and forms a staple part of the human diet [1]. However, many cereals can also 33 
be used for the upkeep of animal livestock and their utility is further enhanced by their capacity for 34 
long term storage [1]. The focus of this review is directed at key global cereal crops, for example 35 
maize, wheat, rice, barley, sorghum, millet, oats, and rye [1]. The FAO predicts that 2,609 million 36 
tonnes of such cereal crops were produced in 2018 [2]. 37 

 38 
One of the greatest challenges facing the world today is to match the demand of a rapidly 39 

expanding global population with an increase in food production, whilst simultaneously ensuring 40 
that this is done sustainably and within the limitations of land availability for agriculture [3]. In order 41 
to meet this target, it will be necessary to pursue two intimately linked goals. The first is to increase 42 
crop yield, particularly that of cereal crops, which can be attained through various methods such as 43 
selective breeding, genetic modification as well as carefully controlled irrigation and fertilisation 44 
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regimes [3,4]. The second is to minimise crop losses caused by pests and diseases, which are 45 
conservatively estimated to cause between 20-40% of losses to yield, with further consequences for 46 
livelihoods, public health and the environment [3-7]. The implementation of strategies to achieve the 47 
latter are challenging, particularly as the factors that underpin plant disease are highly complex and 48 
multivariate [6].  49 

 50 
Many different types of organism can infect cereal crops including a range of bacteria, 51 

oomycetes, fungi, viruses and nematodes [8]. Fungal diseases, in particular, are considered to be one 52 
of the most dominant groups of cereal crop pathogens, with agents causing disease at every level of 53 
plant physiology [8,9]. Different fungal infections can thus cause a wide range of symptoms which 54 
can all contribute to yield losses. For example, infection by several fungal pathogens results in the 55 
formation of necrotic lesions on leaves and stems which can eventually lead to leaf senescence and a 56 
reduction in grain quantity; this is the case for rust infections caused by Puccinia species and also for 57 
rice blast fungus, caused by the species Magnoporthe oryzae [8-11]. Rice blast can be incredibly 58 
destructive, and is estimated to be responsible for 30% of losses to rice crops globally [12]. Other 59 
pathogenic soil-borne fungal species invade primarily at the plant roots, causing root rot from the 60 
base of the plant upwards, whilst simultaneously sapping the host plant of its nutrients; this is the 61 
case for the causative agent of wheat Take-all disease, Gaeumannomyces graminis, which in some cases 62 
can eliminate an entire wheat crop [13]. Thus, G. graminis is often cited as the most important root 63 
disease of wheat worldwide [13-16]. Additionally, many fungal species (such as Fusarium spp.) don’t 64 
cause plant senescence, but instead can negatively impact yield by causing a dramatic reduction in 65 
grain quality via the production of high concentrations of mycotoxins [8,17].  66 

 67 
The most widely used method to combat the losses caused by crop disease, is the routine 68 

application of chemical pesticides to crops, with the aim of eliminating or limiting the severity of 69 
disease phenotypes. However, it is increasingly becoming clear that the long-term use of chemical 70 
pesticides can have several negative side-effects. For example, many pesticides can lead to both acute 71 
and chronic toxicity in humans and they are increasingly being shown to cause wide-spread damage 72 
to the wider ecosystem, by impacting non-target organisms such pollinator species and also through 73 
the pollution of soil and water systems [18-20]. The use of chemical pesticides is additionally 74 
hampered by the evolution of microbial resistance. In much the same way that we face a crisis in 75 
modern medicine due to antimicrobial resistance, so too do we face a decline in the effectiveness of 76 
pesticides due to phytopathogen resistance [21,22].  77 

 78 
As a result of the issues and side-effects of using chemical pesticides to control crop diseases, 79 

research is beginning to re-focus on finding alternative solutions to combat pathogenic infection. 80 
Crop rotation has played a vital role in phytosanitation throughout history, and aims to prevent the 81 
accumulation of soil-borne pathogens specific to certain families of plant, by alternating with an 82 
incompatible host [13,23]. However, crop rotation is not always an economically viable strategy for 83 
farmers to adopt. In addition to rotation, selective breeding programs aim to introduce plant disease 84 
resistance genes (for example R genes) into modern cultivars [24-26]. However, in some cases this can 85 
be challenging and there are several crop species for which are there are no resistant cultivars 86 
available [24]. In addition, pathogens can quickly overcome plant host resistance mechanisms, 87 
particularly when resistance is encoded for by a single gene [24]. As an example, rice cultivars that 88 
are resistant to M. oryzae typically become ineffective every 2-3 years [18]. These problems combined, 89 
have led to the search for further alternatives. Increasingly, it is being realised that the 90 
microorganisms living within soil and in close association with plant roots can make large 91 
contributions to plant health and could be engineered as biocontrol agents. 92 

2. Plant-microbe interactions and their effect on plant health 93 
The vast majority of eukaryotes, including plants, interact extensively with a diverse community 94 

of microorganisms. In plants, interactions particularly emerge at the interface between the plant roots 95 
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and the soil environment, whereby bacteria from the soil abundantly colonise the soil layer, known 96 
as the “rhizosphere”, that is immediately surrounding and influenced by the plant root system [27-97 
30]. Several microbial species are also capable of attaching to the root surface (a region called “the 98 
rhizoplane”) and a small subset of the soil community additionally enter the plant root tissue 99 
[28,29,31]. The latter group of microorganisms are adapted to survive within the inter or intracellular 100 
spaces within the plant roots, which are collectively known as the “endophytic compartment” 101 
[28,29,31]. Advances in next generation sequencing (NGS) techniques have facilitated deeper probing 102 
into the microbial ecology of the plant root microbiome. Although abiotic factors such as soil 103 
characteristics appear to influence the composition of the microbiome, it is also clear that host genetics 104 
play a key role in root microbiome assembly and plants are likely to select beneficial species from 105 
their environment [32-35]. Factors such as differences in root architecture can influence this assembly 106 
process [31,36]. Additionally, around 20-40 % of photosynthetically fixed carbon is exuded from 107 
plants into the rhizosphere; these exudates include a broad range of organic compounds that can be 108 
utilized by microorganisms and may help to select certain species from the soil community 109 
[27,31,37,38].  110 

 111 
It has been known for some time that both soil and plant-associated microbes can contribute to 112 

plant health, since the presence of certain microbial species can result in a reduction in plant disease 113 
incidence and severity [39-42]. Additionally, specific isolates from the plant root microbiome produce 114 
a range of secondary metabolites that can inhibit plant pathogens both in vitro and in vivo 115 
[15,18,20,40]. In particular, the potential of a Gram positive genus of Actinobacteria, called 116 
Streptomyces, has drawn the attention of many in the scientific and industrial communities. 117 
Streptomycetes are saprotrophic organisms, best known for their role as producers of clinically useful 118 
antibiotics, of which they are responsible for approximately 55% [43-45]. This genus is characterised 119 
by their polar filamentous growth, their spore-forming capabilities and, particularly, their extensive 120 
secondary metabolism [43,45,46]. These secondary metabolites are known to have a diverse range of 121 
activities and have been used for a wide range of applications including as antibacterials, antifungals, 122 
anti-cancer and anti-helminthic drugs [43,45]. Since Streptomyces are abundant in soil and have been 123 
shown to suppress a range of phytopathogenic organisms both in vitro and in vivo, these organisms 124 
are gaining interest as potential biocontrol agents, that could be used in place of conventional 125 
chemical treatments [20,47]. In this review, we specifically focus on reviewing research that 126 
investigates the role that Streptomyces can play in inhibiting pathogens of cereal crops, particularly 127 
fungal pathogenic species. We focus on this in particular, due to the global importance of cereal crops, 128 
the large socioeconomic impacts of yield losses caused by fungal disease and the lack of other 129 
alternatives for controlling many of these pathogens. Several excellent reviews [e.g. 18,20,47,48] have 130 
discussed the general potential of Streptomyces as biocontrol agents or their application to one specific 131 
crop species and we extend this literature by specifically focusing on cereal crops. 132 

3. Streptomyces - plant interactions 133 
The evolution of the first true streptomycetes approximately 450 million years ago is thought to 134 

have been largely stimulated by the transition of plants onto land, approximately 550 million years 135 
ago [44]. Millions of years of plant-streptomycete interactions may explain why Streptomyces are often 136 
found to be abundant in the rhizosphere and roots of a variety of different plant species. For example, 137 
Streptomyces have been shown to be enriched in the roots and rhizosphere of Arabidopsis thaliana 138 
[33,34,49], as well as in important crop species such as potatoes [50], rice [51], wheat [52,53] and 139 
oilseed rape [35]. A long period of coevolution with plants might also have resulted in several aspects 140 
of the growth and metabolism of this genus. For example, selective pressures to break down plant 141 
material are thought to have driven the evolution of a saprotrophic and filamentous lifestyle, which 142 
would have enabled early streptomycetes to penetrate living and dead plant material in order to 143 
access otherwise unavailable nutrients stored in complex molecules such as cellulose [44,54]. This 144 
may have eventually led to an endophytic lifestyle and, indeed, fluorescent microscopy has shown 145 
that streptomycetes can exist endophytically within the roots of several different plant species, 146 
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including lettuce, wheat and pea, and that they may be able to penetrate plant roots by entering 147 
openings that occur at the bases of root hairs and lateral roots [53,55-57]. Streptomyces are also capable 148 
of producing an array of cellulolytic and hydrolytic enzymes which might allow forced entry into 149 
plant material, by breaking down the epidermal cell walls and middle lamellae between plant cells 150 
[20]. Their ability to produce a diverse array of antimicrobial secondary metabolites, may additionally 151 
allow them to compete for niche space and the carbon-rich resources that are exuded by plants.  152 

 153 
Given their ability to colonise plant roots and produce potent antimicrobial secondary 154 

metabolites, the genus Streptomyces are becoming an increasingly obvious choice when looking for 155 
novel biocontrol agents (Table 1). This is particularly the case as, in addition to contributing to plant 156 
protection, members of this genus are frequently found to contribute to plant growth promotion 157 
(PGP), under both ambient and stressful environmental conditions such as high salinity [20,44,58-60]; 158 
these additional benefits could form the basis for highly desirable biocontrol agents that can both 159 
enhance plant growth and protect against disease. 160 

 161 

Table 1. Economically important cereal crop pathogens and associated biocontrol studies involving 162 
Streptomyces species. 163 

Pathogen Cereal crop host  Symptoms Impact 
Streptomyces as 

biocontrol  

Magnaporthe 
oryzae (Rice 

blast) 
Rice, Wheat Panicle, leaf and 

head blast. 

Yield losses and 
mycotoxin 

contamination 

Greenhouse and 
in vitro studies. 

[18,61,62] 

Fusarium spp. All cereals 

Head, root, 
crown and stem 

blight in 
addition to wilt 

and grain 
contamination. 

Yield losses and 
mycotoxin 

contamination 

Greenhouse, in 
vitro and field 

studies. 
[63-70] 

Rhizoctonia solani All cereals 

Seed damping 
off, and infection 

of stems, roots 
and foliage. 

Yield losses and 
reduction in 

grain quality. 

In vitro and 
growth chamber 

studies  
[60,62,67,71-74] 

Gaumannomyces 
graminis 

(Wheat Take-all) 

Wheat, Barley, 
Rye, Rice, Oat, 

Maize 

Root lesions and 
rot that spreads 

upwards to 
aerial parts of 

the plant. 

Yield losses 

In vitro and 
greenhouse 

studies. 
[15,53] 

 

Pythium spp. Wheat, Barley, 
Rice, Maize 

Seed damping 
off, as well as 
root and stem 

rot. 

Yield losses 

In vitro and 
growth chamber 

studies. 
[72,75] 

 164 
It is important for us to note that, although many Streptomyces are either beneficial or passive 165 

colonisers of the plant microbiome, certain species have evolved a phytophathogenic lifestyle. 166 
Perhaps the most well-studied example is Streptomyces scabei, the causative agent of common potato 167 
scab [76-78]. Several virulence factors have been found to be associated with this disease-causing 168 
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lifestyle, including small molecules such as coronafacic acid and thaxtomin, the latter of which is 169 
located on a pathogenicity island within the genome of plant-pathogenic strains [79]. Only a handful 170 
of Streptomyces species have these genes, and it is suggested that their acquisition was a singular event 171 
and does not represent the interactions that are characteristic of plant-Streptomyces relationships. 172 
Indeed, out of over 500 isolated Streptomyces species, only 10 are deemed to be pathogenic [20,80]. 173 
Thus, there is a huge diversity of strains that could be screened for their potential to act as beneficial 174 
biocontrol agents. In the following sections we review the multitude of ways in which Streptomyces 175 
species can contribute to the suppression of cereal crop diseases, both directly and indirectly. We also 176 
extend this to a discussion of how such strains might be applied to cereal crops in practice, and the 177 
factors that can influence the competitiveness and efficacy of biocontrol agents and thus need to be 178 
considered during the development of such strains as biocontrol agents. 179 

3.1 Streptomyces in disease suppressive soils 180 
Streptomyces can confer plant host protection against pathogens in the soil, rhizosphere and 181 

endosphere directly, through the production of antimicrobial compounds or via specific enzymes 182 
[46]. Disease suppressive soils are perhaps some of the best known examples of microbial-based 183 
defense against soil-borne pathogens, and several studies have used these soils as a source of novel 184 
bioactive microbial strains [39,42]. Suppressive soils are those in which plants are protected from 185 
infection, due to the antagonistic activities of a community of microorganisms, or a specific microbial 186 
species, found in the soil and rhizosphere community [39]. They often occur in areas in which there 187 
has been continuous monoculture, and can be disrupted by particular farming practices such as crop 188 
rotation [39,42,64]. The mechanisms underpinning suppressiveness are only just beginning to be 189 
understood, but antibiotic-producing Streptomyces species have often been found to be enriched in 190 
these soils; a combination of metagenomics, strain isolation, genome sequencing and genome mining, 191 
has enabled the isolation of contributing species and their associated bioactive compounds [64,81-84]. 192 
For example, the strain Streptomyces S4-7 was originally isolated from a Korean soil that showed 193 
suppressiveness against Fusarium wilt disease [64]. Following genome sequencing, this strain was 194 
found to encode 35 biosynthetic gene clusters encoding putative antimicrobial agents. A novel 195 
thiopeptide was purified and shown to have potent inhibitory activity against fungal cell wall 196 
biogenesis in Fusarium, suggesting natural products such as this may be contributing to the disease 197 
suppressive nature of the original soil [64]. Streptomyces species were also found to make a major 198 
contribution to the suppressiveness of light coloured Sphagnum peat in Finland, which inhibits the 199 
development of a range of soil-borne pathogens, including Rhizoctania solani and Fusarium spp., and 200 
is therefore commonly adopted for glasshouse cultivation [39,85]. An analysis of the microbial 201 
composition of this soil led to the isolation of the bioactive strain Streptomyces griseoviridis; this was 202 
then used to formulate the broad-spectrum biofungicide Mycostop® which is active against a number 203 
of crop diseases, including wheat head blight caused by Fusarium species [66]. 204 

3.2 Antimicrobials against phytopathogens of cereal crops 205 
In addition to disease suppressive soils, there have been many efforts to isolate strains of 206 

Streptomyces from other environments that are capable of inhibiting some of the most detrimental 207 
cereal crop pathogens. Many studies have found Streptomyces species that can inhibit a range of 208 
phytopathogens in vitro, including Magnaporthe oryzae (responsible for rice blast), Gaeumannomyces 209 
graminis var. tritici (the cause of wheat take-all fungus), Fusarium species (responsible for head blight, 210 
root rot, wilt and grain contamination in a variety of species), as well as Rhizoctani solani (a soil-borne 211 
pathogen with a wide host range) [8,15,18,62,67] (Table 1). However, such inquiries only form the 212 
beginning of a chain of experiments required to identify novel biocontrol agents. In soil, Streptomyces 213 
bacteria interact with a diverse community of both prokaryotic and eukaryotic organisms which may 214 
alter their competitive ability and potential to produce antimicrobial compounds. Thus, there is a real 215 
need to demonstrate that isolates can also confer plant protection in vivo, both in green house 216 
experiments and in field trials. 217 

 218 



Pathogens 2019, 8, x FOR PEER REVIEW 6 of 24 

 

Several greenhouse and growth chamber experiments have been carried out with bioactive 219 
compounds purified from cultures of Streptomyces species (Table 1). For example, a soil isolate, named 220 
N2, was shown to inhibit a broad spectrum of phytophathogenic fungi in vitro, including the mycelial 221 
growth of R. solani as well as the germination of its sclerotia [71,74]. Sclerotia mediate the dispersal, 222 
propagation and long-term survival of the fungus in soil and are persistent under unfavourable 223 
environmental conditions [71,74]. A novel antifungalmycin was found to be responsible for the 224 
inhibitory effects of N2 [74] and, when directly applied, was also able to reduce the symptoms of 225 
sheath blight on rice leaves and in pot experiments [71]. Another study has shown that culture 226 
filtrates of the strain Streptomyces globisporus JK-1 can control M. oryzae more effectively than 227 
tricyclazole, a commonly used chemical fungicide for the control of rice blast fungus [61]. Indeed, 228 
several antifungal compounds purified from Streptomyces species have been commercialized as 229 
fungicides against M. oryzae infections, for example, Kasugamycin (isolated from S. kasugaensis), is 230 
commercially produced under the trade name Kasumin, and is used in Japan to protect against rice 231 
blast disease [18].  232 

 233 
Other studies have used live strains of Streptomyces during in vivo trials rather than purified 234 

bioactive compounds [15,18,63,65] (Table 1). For example, the strain Streptomyces BN1, isolated from 235 
rice grains contaminated with Fusarium, was able to mitigate the reduction in seedling length caused 236 
by Fusarium when applied as a spore preparation to seeds. BN1 also significantly reduced Fusarium 237 
head blight symptoms when sprayed onto wheat heads [63], suggesting that the application of viable 238 
spores can be an effective way to reduce the competitive ability of pathogenic strains. Spore-coatings 239 
were also used in a study investigating the ability of Streptomyces species (isolated from healthy cereal 240 
crops) to inhibit wheat take-all infection by G. graminis var. tritici [15]. Spore-coated seeds 241 
significantly reduced wheat infection in field soils that were infested with the take-all fungus [15]; 242 
this may have been aided by the ability of these strains to colonise the endophytic compartment of 243 
wheat roots [53]. There is currently a lack of wheat cultivars with resistance to G. graminis and 244 
chemical agents are variable in their ability to control the disease [13,15,42]. Pseudomonas species have 245 
been investigated as potential biocontrol agents against take-all, but often these strains only colonise 246 
wheat plants during the early stages of growth before being out-competed, and they are also sensitive 247 
to desiccation [15,42]. Streptomyces may make a viable alternative, since their saprotrophic and spore-248 
forming lifestyle means that they survive well under unfavourable conditions [46]. They can also 249 
colonise the mature roots of cereal crops [15].  250 

3.3 Enzymatic control of phytopathogens: chitinases 251 
The majority of Streptomyces species encode an enormous variety of secreted proteins that have 252 

a diverse range of extracellular activities [86]. This includes the production of enzymes called 253 
chitinases, which degrade the biomolecule chitin. Chitin is an insoluble, nitrogen-containing, 254 
polysaccharide that is abundant in fungal cell walls [86,87]. Streptomyces are unusual amongst 255 
bacterial taxa in that they can use it as both a carbon and a nitrogen source [86]. Chitinases isolated 256 
from Streptomyces species have been shown to inhibit a broad spectrum of phytophathogenic fungi 257 
and oomyctes in vitro, including economically important genera such as Fusarium, Rhizoctania and 258 
Pythium, and are therefore receiving increasing interest from a biocontrol perspective [88-91]. 259 
Chitinases are thought to contribute to the in vivo antifungal activity demonstrated by the broad-260 
spectrum biocontrol strain Streptomyces lydicus WYEC108 which is the active ingredient in the 261 
commercially-available biocontrol agent Actinovate®. Purified chitinase from this species was able 262 
to lyse the cell walls of various phytopathogenic fungi, including several species of Pythium which 263 
can cause root rot in a variety of cereal crops [75]. Finally, transgenic expression of the S. griseus 264 
chitinase-encoding gene chiC conferred an increased level of resistance to the blast fungus 265 
Magnaporthe grisea on rice plants, suggesting that Streptomyces species may also represent an 266 
important genetic resource [92]. 267 

 268 
 269 
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3.4 Direct inhibition by Volatile Organic Compounds  270 
In addition to soluble compounds and enzymes, many Streptomyces are prolific producers of 271 

Volatile Organic Compounds (VOCs) [93]. These are characteristically small compounds with low 272 
molecular weights and high vapour pressures, meaning that they can easily diffuse through water 273 
and gas-filled pores in soil [41,94]. Strains can produce complex and diverse mixtures of VOCs that 274 
have a diverse range of functions, many of which are only just beginning to be understood [95]. 275 
Several VOCs have been identified that have antimicrobial activities against phytopathogenic 276 
species, for example, profiling of Streptomyces strains isolated from a soil suppressive to R. solani, 277 
revealed that a range of VOCs had potent antifungal activity against the pathogen in vitro and 278 
additionally resulted in an increased plant root and shoot growth [81,82,93]. Other studies have also 279 
isolated streptomycete VOCs active against R. solani in vitro, in addition to species of Fusarium and 280 
Aspergillus [68,73]. Such studies introduce the possibility that VOCs could be applied as biofumigants 281 
to suppress the growth of pathogenic species and may also have significant impacts on soil-borne 282 
pathogens when produced by Streptomyces species growing in the rhizosphere. However, more 283 
studies are needed to verify that these compounds are both produced in vivo in the plant root system 284 
and effective under natural conditions. 285 

3.5 Antihelmintic compounds 286 
In addition to antimicrobials, Streptomyces are also known to produce potent anthelmintic 287 

compounds. This includes the compound avermectin, produced by Streptomyces avermitilis, which 288 
can cause extensive mortality to nematode populations in vivo [96,97]. Cereal cyst nematodes 289 
parasitise host plants by forming root cysts in which they tap into the nutrients present in the plant 290 
vascular system; as a result they can cause extensive damage to wheat and maize crops and are 291 
prevalent in the majority of the cereal growing regions of the world [98,99]. A small number of studies 292 
have documented Streptomyces species that can control populations of cereal cyst nematodes [100-293 
102]. Given the enormous variety of natural products produced by Streptomyces strains and the fact 294 
that, in soil, they are likely to encounter and compete with a diverse population of nematode species, 295 
a greater number of such compounds may be discovered.   296 

3.6 Indirect inhibition of phytopathogens of cereal crops 297 
In addition to direct inhibition via the production of antagonistic compounds, Streptomyces can 298 

also inhibit plant pathogens indirectly. The simplest way in which this can occur is via competitive 299 
exclusion, whereby strains take up niche space and resources, therefore preventing pathogens from 300 
colonizing [20,103]. This is not mutually exclusive from direct antagonism since antimicrobials may 301 
be produced as a byproduct of interference competition over the resources provided via plant root 302 
exudates or organic matter in the soil. However, a further mechanism by which Streptomyces can 303 
indirectly provide protection to their plant host is though the activation of host resistance pathways 304 
[20,104,105]. In this case, Streptomyces strains are recognized as mildly intrusive by the host plant, 305 
which leads to the activation of phytohormone defense signaling pathways, including those 306 
producing jasmonic acid (JA) and ethylene (ET), as well as the salicylic acid (SA) dependent signaling 307 
pathway which can lead to systemic acquired resistance (SAR) to plant pathogens in distal parts of 308 
the plant [106,107]. The activation of these pathways by plant-associated microbes is known as 309 
induced systemic resistance (ISR) and acts to prime the plant immune system to deal with future 310 
pathogenic attack more efficiently [107].  311 

 312 
Endophytic Streptomyces strains isolated from healthy wheat tissue have been shown to trigger 313 

ISR against the phytopathogenic bacterium Erwinia carotovora as well as the fungus Fusarium 314 
oxysporum in A. thaliana plants; root infection by streptomycetes in the absence of the pathogen led to 315 
low levels of gene expression in defence signaling pathways [108]. Expression significantly increased 316 
upon pathogenic attack and was more rapid and greater in plants that had been pre-treated with 317 
Streptomyces versus untreated controls, suggesting an absence of priming in the latter treatment [108]. 318 
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Different streptomycetes activated ISR via either the JA/ET pathway or the SAR pathway, likely 319 
through a combination of excreted secondary metabolites and physical interactions with the plant 320 
roots [108]. Streptomyces strains isolated from sorghum stems were also suggested to inhibit the 321 
infection of rice by both M. oryzae and R. solani in vitro via ISR pathways, since several genes involved 322 
in plant defense signaling were upregulated upon colonisation by Streptomyces species [60]. 323 

4. The potential of Streptomyces bacteria as efficient biocontrol agents 324 
The ability of Streptomyces species to produce plant-protective compounds such as enzymes, 325 

secondary metabolites and volatile organic compounds as well as their ability to induce the plant 326 
immune system to rapidly respond to pathogens suggests that they would be good candidates for 327 
biocontrol agents. Biocontrol strategies can overcome some of the issues of chemical pesticides by 328 
offering a low cost alternative with greater potential for long-term sustainability [109]. Since many of 329 
the strains being developed as biocontrol agents, such as Pseudomonas and Streptomyces species, are 330 
often naturally abundant in soils it is likely that they will cause less damage to the surrounding 331 
ecosystem [20,80]. Additionally, microbes that have evolved in close symbiosis with eukaryotic 332 
organisms, such as plants, may cause fewer unwanted side-effects in other eukaryotic organisms, 333 
including humans [80,110]. One of the key issues of chemical pesticides is that disease-causing agents 334 
can rapidly evolve resistance. Streptomycetes have the advantage that apart from being a potentially 335 
co-evolving force that could engage in an arms race with pathogenic species, many also encode 336 
numerous putative antimicrobial biosynthetic gene clusters (BGCs), resulting in the simultaneous 337 
production of a multitude of different antibiotics with different modes of action; this could help to 338 
reduce the rate at which resistance evolves [46].  339 

 340 
Currently, there are two commercially available biocontrol products whose active ingredients 341 

are live Streptomyces strains. They are Mycostop® (Streptomyces griseoviridis K61 [66]) and 342 
Actinovate® (Streptomyces lydicus WYEC 108 [111]). The strains are purchased as dried spore 343 
preparations and applied as a seed treatment, or as an irrigative growth medium additive. Both 344 
Streptomyces species have demonstrated PGP and disease suppressive characteristics in a laboratory 345 
setting [57,112]. However, their efficacy as disease suppressing agents in an agricultural scenario can 346 
be inconsistent. For example, Actinovate® was found to be poor at supressing Fusarium Wilt disease 347 
(Fusarium oxysporum f. sp. niveum) of Watermelon in field trials [111] and whilst it promoted the 348 
growth of Summer Squash, it was inconsistent in its ability to provide protection against powdery 349 
mildew (Podosphaera xanthii) [113]. Another study that assessed the effectiveness of treating Barley 350 
(Hordeum vulgare) and spring wheat (Triticum aestivum) with Mycostop® at the same field site over 351 
five years, showed that, although there was an initial increase in yield in both crop species, the results 352 
were inconsistent across the years, with a similar inconsistency in disease suppression [114]. Despite 353 
Mycostop® reducing the incidence of root rot overall, it performed poorly when compared to 354 
treatment with a conventionally used (although widely banned) organomercurial pesticide [114]. 355 
This study demonstrates that yearly abiotic variation as well as biotic variation between crop species 356 
can significantly impact the potential of biocontrol treatments, but also that existing biocontrol 357 
strategies do not always match, or outperform, the performance of conventional pesticide treatments. 358 
The inconsistency of biocontrol strains such as Mycostop® and Actinovate® also demonstrates the 359 
need for a greater understanding of the factors that influence strain competitiveness and their long-360 
term establishment within the root microbiome of different crop species.  361 

 362 
There are numerous factors influencing the composition of soil and root-associated microbial 363 

communities and that, in turn, could influence the success of biocontrol strategies. Broadly, these 364 
factors can be divided into two categories. Firstly, abiotic factors such as soil type (which is defined 365 
by characteristics such as nutrient levels, water content, pH and trace metals) [115,116], climate (and 366 
climate change) [117] and farming practice (e.g. irrigation, fertilisation, tillage and pre-cropping 367 
[118,119]) can all impact on microbial assemblages. Secondly, biotic factors include host crop species 368 
[35,51,120], host genetics [51,121], root exude profiles [121,122], plant age at the time of application 369 
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[123,124], and competing microorganisms already present in the plant microbiome [125]. 370 
Additionally, many of these factors may vary significantly each growing season, adding an additional 371 
layer of complexity to the factors that influence root microbiome assembly. A detailed understanding 372 
of how these factors influence biocontrol success, and how to mitigate them, is a priority for the 373 
development of consistently effective biocontrol strategies. Progress is beginning to be made on this 374 
front, for example the Microbiome Stress project is an ambitious open access database collating and 375 
analysing 16S rRNA gene amplicon sequencing data [126]. The goal is to identify how bacterial 376 
communities respond to various environmental stressors, information which could be used to predict 377 
the efficacy of biocontrol strategies in different environmental conditions. This will be particularly 378 
important for developing robust biocontrol strategies in the face of climate change. 379 

4.1 Abiotic factors influencing biocontrol efficacy  380 
Numerous studies have experimented with strategies to improve the consistency and 381 

effectiveness of Streptomyces biocontrol agents by changing abiotic factors, such as the soil 382 
environment [127]. For example, an early study found that the application of wood chip-383 
polyacrylamide medium (PAM) around the plant root significantly increased the ability of 384 
Streptomyces lydicus WYEC108 to protect potato crops from Verticillium wilt (caused by Verticillium 385 
dahlia) [128]. By pre-inoculating the PAM medium with S. lydicus WYEC108 spores, the strain was 386 
able to germinate and establish mycelia with reduced competition from the surrounding soil 387 
microbiota. Application of the pre-inoculated medium led to a reduced level of pathogen infection, 388 
as V. dahlia had to traverse the wood chip-PAM mixture colonised by antibiotic-producing S. lydicus 389 
before invading the plant [128]. Similarly, another study showed that pre-inoculating soil with S. 390 
analatus S07, a strain originally isolated from an Heterodera filipjevi nematode cyst, significantly 391 
reduced the infection of wheat roots with this nematode in a field trial [102]. In order to give the 392 
Streptomyces strain an advantage within the soil environment, an established pure culture was added 393 
to ground wheat grain; this was then incubated at the strains optimal temperature, before being 394 
applied to the soil in field plots [102]. The efficacy of disease control by S. analatus S07 was shown to 395 
match that of an established nematicide, avermectin, which is significant given the damage 396 
avermectin can cause to the wider ecosystem [102,129]. Such studies suggest that reducing abiotic 397 
stress on the biocontrol strain, by helping it become pre-established in the soil, can improve the 398 
efficacy of biocontrol strategies.  399 

 400 
Apart from strain inoculation, a wide range of agricultural practices are thought to influence the 401 

composition and establishment of species within the plant root microbiome, including irrigation 402 
[118], tillage [119] and different cropping practices [130]. Agro-chemicals such as pesticides and 403 
fertilisers are also known to influence the composition and functioning of the plant root and soil 404 
microbiome, in ways that can help to protect against crop disease [131,132]. For example, ammonia 405 
fumigation has been shown to supress Fusarium wilt disease in Banana (Musa acuminate Cavendish) 406 
and also leads to a shift in the composition of the microbial community in the surrounding soil, with 407 
a significant reduction in the abundance of Fusarium species [132]. Other studies have suggested that, 408 
when organic fertiliser is applied in combination with biocontrol strains, the extent of disease 409 
suppression can be further enhanced. For example, suppression of the disease-causing bacterium 410 
Ralstonia solanacearum by Streptomyces rochei is significantly increased when applied in combination 411 
with organic fertiliser [133]. It is thought that adding a biocontrol strain to organic fertiliser prior to 412 
treatment generates a more favourable soil environment for the strain, with more nutrients available 413 
to support growth, increasing root colonisation and biocontrol efficacy [134]. This strategy is known 414 
as bio-organic fertiliser application and is widely reported as an effective method of enhancing 415 
disease suppression [131,135,136].  416 

 417 
There are numerous other examples of chemical additives that are being trialed to augment 418 

disease suppression in agricultural systems. For example the addition of chemical factors known to 419 
promote antibiotic production in Pseudomonas (e.g. glucose and zinc) have been shown to increase 420 
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biocontrol efficacy [137]. This implies that factors known to increase antibiotic biosynthesis in 421 
Streptomyces (for example N-acetylglucosamine, rare earth metals like scandium or siderophores 422 
[138] and some plant phytohormones [46]) could, where practical, be used as an additive in 423 
streptomycete biocontrol formulations to maximise disease suppression. Conversely, some chemical 424 
additives have been demonstrated to be detrimental to the biocontrol efficacy of Bacillus species in 425 
vitro, for example pesticides that contain heavy metals such as copper and zinc, and a number of 426 
fungicides and herbicidal compounds [139]. Despite this observation, biocontrol strain Streptomyces 427 
sp. A6 was found to be highly tolerant to a number of commonly used fungicidal compounds, and 428 
simultaneous application of the strain with these fungicides resulted in more effective Fusarium wilt 429 
control in pigeon pea (Cajanus cajan) and a 50% lower dose of fungicide was needed for effective crop 430 
protection [140]. This demonstrates that combining chemical and biological pest control methods can 431 
increase biocontrol efficacy, while simultaneously decreasing the required dose of chemical 432 
pesticides. Whilst together these studies imply that farming practices could be optimised to maximise 433 
disease suppression, comprehensive research into this is still lacking. Such research is complex, as it 434 
is likely that the best approach will depend upon the pathogen of concern, as well as the relevant 435 
climatic and edaphic conditions. 436 

4.2 Optimising biocontrol delivery systems involving Streptomyces 437 
Various methods are available for delivering biocontrol strains to crops and could further 438 

influence the consistency of biocontrol strategies. Products like Actinovate® and Mycostop® come 439 
as dried formulations containing spores and mycelia; these can either be suspended in liquid and 440 
sprayed onto crops (foliar spraying), folded into the soil prior to sowing (soil inoculation) or be used 441 
as a seed coating [141,142]. Foliar spraying approaches often seem attractive, particularly in 442 
developed countries where equipment for spraying is already available. However, microbial 443 
suspensions can damage or clog machinery by settling out of solution, and stresses caused by passage 444 
through spraying apparatus (such as heat stress or shearing forces) can decrease biocontrol strain 445 
viability [143]. Foliar spray is also typically used for microbial inoculants designed to counter foliar 446 
diseases [144], and so may be less apt for controlling root-diseases like wheat take-all fungus. Soil 447 
inoculation is another recommended mode of application, typically used if biocontrol strains are 448 
particularly vulnerable to desiccation [144]. As discussed previously, methods like bio-organic 449 
fertiliser application [131,133,135,136] and strain pre-establishment [102] can increase biocontrol 450 
success when using this method. Often however, these strategies will add to the expense and 451 
complexity of applying disease suppressive measures, and the strategies used to augment biocontrol 452 
success can have unknown or even conflicting effects by altering the soil chemistry and microbiome 453 
composition [119,132].  454 

 455 
Techniques that directly inoculate the plant microbiome with biocontrol strains, circumvent 456 

issues of soil-survivability measures, as the strain does not pass through an environmental medium 457 
prior to root colonisation. Examples of this include methods that apply biocontrol agents directly 458 
onto the plants root, such as fluid drill inoculation and root transplant dip. Both methods allow 459 
biocontrol strains to colonise roots in a controlled scenario; for root dip, roots of plant seedlings are 460 
incubated in a liquid cell suspension before transfer to the field [144] and in fluid drill methods seeds 461 
are allowed to pre-germinate within a gel containing the biocontrol strain [144,145]. In some cases, 462 
root dip has been shown to increase root colonisation by streptomycetes compared to soil inoculation 463 
[55], and this method has successfully been used to apply strains that can protect crops from diseases 464 
like Fusarium wilt [146]. However, pre-germinating plants and manually inoculating the roots is 465 
labour-intensive compared to purchasing pre-coated seeds and also requires large quantities of 466 
bacterial inoculum to be grown for this purpose [142]. Fluid drill methods have also been shown to 467 
increase colonisation of plant roots by inoculated bacterial strains and a limited number of studies 468 
show that this can result in efficient disease suppression [147,148]. However, there is little work 469 
investigating the ecological impact of fluid drill gel application. 470 

  471 
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As mentioned, plants can also be colonised by coating the seed in a formulation of biocontrol 472 
strain spores or cells. Seed coatings use a variety of methods to adhere biocontrol strains to the seed 473 
surface. For example, seeds can be immersed in a microbial suspension and dried before germination 474 
(bio-priming) [149], or a liquid cell suspension or an adhesive is used to coat the seed in bacterial cells 475 
(called film coating) [142]. Seed coating technologies can effectively deliver biocontrol strains directly 476 
to the soil immediately surrounding a germinating seed and the rhizosphere [142,144] and there are 477 
numerous examples where seed coating approaches have proven effective at suppressing disease in 478 
both field and laboratory experiments [149-153]. This includes numerous studies showing that seed 479 
coatings are an effective delivery method for Streptomyces biocontrol strains [55,154-156], to cereal 480 
crops like maize [69] and wheat [70]. While seed treatment is an effective inoculation method, 481 
practical issues like shelf-life and storage conditions remain an issue in many cases [142,157]. 482 
However, certain spore preparations of streptomycetes have been suggested to have a greater 483 
potential for long-term viability [158].  484 

4.3 Exploiting plant recruitment mechanisms to improve biocontrol agents 485 
In addition to enhancing the competitiveness of strains when applied to seeds and soil, it is 486 

possible that the mechanisms that enable plants to selectively recruit certain microbial species from 487 
the soil could be exploited to improve the efficacy of biocontrol strains [127,159,160]. As mentioned, 488 
plants exude approximately 20-40% of photosynthetically fixed carbon out of their roots into the 489 
surrounding soil [27,161]. This exudate contains a whole range of compounds including those with 490 
low molecular weights such as ions, amino acids, sugars and phenolics, as well as high molecular 491 
weight compounds such as mucilage, other polysaccharides and proteins [37,161-164]. The release of 492 
exudates into soil results in a large increase in microbial abundance and activity in the region of soil 493 
directly surrounding the roots; this is known as the “rhizosphere effect” and occurs because many 494 
microbes are attracted to the carbon-rich nutrients exuded from the roots [27,37]. However, exudates 495 
could also act as a filtering mechanism, enabling plants to selectively enrich for specific microbial 496 
species with particular metabolic capabilities [37]. This hypothesis is supported by experiments that 497 
have profiled the root exudates of Arabidopsis thaliana and found that certain groups of exudate 498 
compound correlate with the abundances of particular bacterial taxa [38,123,163]. For example, 499 
various phenolic compounds have been suggested to act as specific substrates or signaling molecules 500 
for particular microbial species, since they positively correlate with the abundances of specific genera, 501 
including Streptomyces bacteria [38,123,163,165]. Stable isotope probing experiments, that track 13C 502 
isotopes from plant metabolites to bacterial RNA, DNA or proteins, have also revealed that different 503 
microbial taxa are actively metabolising the root exudates of different plant host species, presumably 504 
due to differences in exudate composition [35,161,166]. In addition to host plant species, root 505 
exudation can also be altered by abiotic and biotic factors. For example, several studies on barley and 506 
Arabidopsis plants, have indicated that root exudate profiles change in response to foliar and soil-507 
borne pathogens which, in turn, leads to changes in the rhizosphere and endosphere bacterial 508 
community composition [167-169].  509 

 510 
In addition to changes in abundance, root exudates may also alter the functionality of the root 511 

microbiome to the benefit of the host plant, by altering microbial gene expression [123]. Increasing 512 
amounts of phenolic-related compounds are exuded by A. thaliana roots at later developmental stages 513 
and these have been shown to correlate with an increased number of microbial transcripts related to 514 
antimicrobial production, including streptomycin produced by Streptomyces species, independent of 515 
changes to bacterial abundance [123]. These antagonistic molecules may be beneficial to the plant at 516 
later developmental stages as it could encourage the suppression of pathogenic species or priming of 517 
the plant immune system, providing the host with protection against infection at the flowering stage 518 
[123]. Several plant root exudate compounds have also been shown to modulate the production of 519 
antimicrobials by Streptomyces species in vitro, including the plant phytohormones, salicylic acid, 520 
jasmonic acid and indole-3 acetic acid (IAA) [170,171].  521 

 522 
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Correlations between root exudate composition, microbial community structure and 523 
microbiome functionality open the exciting opportunity to tap into these chemical interactions in a 524 
way that enables improvements to crop productivity and health. For example, it may be possible to 525 
engineer plants that produce certain types of root exudate, that in turn improve the colonisation 526 
potential and efficacy of beneficial species and biocontrol agents such as Streptomyces species. Indeed 527 
mutant lines of Arabidopsis that have been engineered to have altered root exudation profiles have 528 
been shown to recruit different types of bacterial species, including greater numbers of beneficial 529 
plant-growth-promoting rhizobacteria [121,172,173]. Thus, it may be possible to introduce similar 530 
changes into cereal crops through breeding or genetic modification. However, there is still a huge 531 
knowledge gap regarding which compounds act as signals and nutrients for bacteria of interest. Such 532 
cues are only known in detail for a small number of plant-microbe symbioses, such as the role of 533 
flavonoids in legume- rhizobia interactions [164]. The vast majority of other systems are not so well-534 
defined. Tools such as stable isotope probing [161,174], metabolomics [162], dual RNA sequencing 535 
[175,176] and imaging mass spectrometry [177-179] are beginning to shed light on these interactions 536 
and may enable a more detailed understanding of plant-microbe interactions in the future. 537 

5. Conclusions and perspectives 538 
In summary, the use of microorganisms to suppress plant disease and increase crop productivity 539 

is gaining increasing interest as a sustainable alternative to chemical approaches to suppress crop 540 
disease. Streptomyces species have a long history of coevolution with plants and other organisms and, 541 
as a result, have evolved a plethora of secondary metabolites and enzymes that function to interact 542 
with host organisms and inhibit competitors. Many of these molecules can provide significant 543 
benefits to plants, by promoting plant growth and reducing the incidence of plant disease. These 544 
characteristics, along with the resilience of this genus to environmental stressors, suggests that they 545 
could be extremely useful as biocontrol agents. However, as highlighted in this review, a highly 546 
complex, interconnected network of factors can influence the efficacy of biocontrol in the field. 547 
Research into these factors is lacking but should be made a priority in order to enable the wide-spread 548 
application of highly effective biocontrol agents to cereal crops globally. Optimising the mode of 549 
delivery of biocontrol strains, for example by decreasing abiotic and biotic stressors, has shown some 550 
success in assisting soil and root establishment by these strains and for increasing the potency of 551 
biocontrol. However, other factors that affect plant microbiome establishment, such as agricultural 552 
practices, remain less well-studied, despite the fact that biocontrol optimisation is likely to be farm-553 
specific. It is possible that we may be able to exploit pre-existing signals between plants and microbes 554 
to increase the colonisation potential of desirable strains but in most cases these specific signals 555 
remain to be identified. For the future development of more consistent biocontrol strategies the most 556 
successful approach is likely to be combinatorial, considering delivery mechanisms, formulation 557 
additives, agricultural practices and the specific details of plant-microbe interactions.  558 
Funding: SFW and SMMP were funded by Natural Environment Research Council (NERC) PhD studentships 559 
(NERC Doctoral Training Programme grant NE/L002582/1). JTN was funded by a Biotechnology and Biological 560 
Sciences Research Council (BBSRC) PhD studentship (BBSRC Doctoral Training Program grant BB/M011216/1). 561 
This work was also supported by a Norwich Research Park seedcorn grant (to MIH)  562 
Conflicts of Interest: The authors declare no conflict of interest. 563 

References 564 

1. McKevith, B. Nutritional aspects of cereals. Nutrition Bulletin 2004, 29, 111-142, doi:10.1111/j.1467-565 
3010.2004.00418.x. 566 

2. FAO. Crop Prospects and Food Situation, March 2019; FAO: Rome, Italy, 2019. 567 
3. Godfray, H.C.; Beddington, J.R.; Crute, I.R.; Haddad, L.; Lawrence, D.; Muir, J.F.; Pretty, J.; Robinson, 568 

S.; Thomas, S.M.; Toulmin, C. Food security: the challenge of feeding 9 billion people. Science 2010, 569 
327, 812-818, doi:10.1126/science.1185383. 570 



Pathogens 2019, 8, x FOR PEER REVIEW 13 of 24 

 

4. Beddington, J. Food security: contributions from science to a new and greener revolution. Philos Trans 571 
R Soc Lond B Biol Sci 2010, 365, 61-71, doi:10.1098/rstb.2009.0201. 572 

5. Oerke, E.C. Crop losses to pests. The Journal of Agricultural Science 2006, 144, 31-43, 573 
doi:10.1017/S0021859605005708. 574 

6. Savary, S.; Ficke, A.; Aubertot, J.-N.; Hollier, C. Crop losses due to diseases and their implications for global 575 
food production losses and food security; 2012; Vol. 4. 576 

7. McDonald, B.A.; Stukenbrock, E.H. Rapid emergence of pathogens in agro-ecosystems: global threats 577 
to agricultural sustainability and food security. Philos Trans R Soc Lond B Biol Sci 2016, 371, 578 
doi:10.1098/rstb.2016.0026. 579 

8. Dean, R.; Van Kan, J.A.; Pretorius, Z.A.; Hammond-Kosack, K.E.; Di Pietro, A.; Spanu, P.D.; Rudd, J.J.; 580 
Dickman, M.; Kahmann, R.; Ellis, J., et al. The Top 10 fungal pathogens in molecular plant pathology. 581 
Mol Plant Pathol 2012, 13, 414-430, doi:10.1111/j.1364-3703.2011.00783.x. 582 

9. Doehlemann, G.; Okmen, B.; Zhu, W.; Sharon, A. Plant Pathogenic Fungi. Microbiol Spectr 2017, 5, 583 
doi:10.1128/microbiolspec.FUNK-0023-2016. 584 

10. Wilson, R.A.; Talbot, N.J. Under pressure: investigating the biology of plant infection by Magnaporthe 585 
oryzae. Nat Rev Microbiol 2009, 7, 185-195, doi:10.1038/nrmicro2032. 586 

11. Leonard, K.J.; Szabo, L.J. Stem rust of small grains and grasses caused by Puccinia graminis. Mol Plant 587 
Pathol 2005, 6, 99-111, doi:10.1111/j.1364-3703.2005.00273.x. 588 

12. Nalley, L.; Tsiboe, F.; Durand-Morat, A.; Shew, A.; Thoma, G. Economic and Environmental Impact of 589 
Rice Blast Pathogen (Magnaporthe oryzae); Alleviation in the United States. PLoS One 2016, 11, 590 
e0167295, doi:10.1371/journal.pone.0167295. 591 

13. Cook, R.J. Take-all of wheat. Physiological and Molecular Plant Pathology 2003, 62, 73-86, 592 
doi:https://doi.org/10.1016/S0885-5765(03)00042-0. 593 

14. Kwak, Y.S.; Weller, D.M. Take-all of Wheat and Natural Disease Suppression: A Review. Plant Pathol J 594 
2013, 29, 125-135, doi:10.5423/PPJ.SI.07.2012.0112. 595 

15. Coombs, J.T.; Michelsen, P.P.; Franco, C.M.M. Evaluation of endophytic actinobacteria as antagonists 596 
of Gaeumannomyces graminis var. tritici in wheat. Biol Control 2004, 29, 359-366, 597 
doi:https://doi.org/10.1016/j.biocontrol.2003.08.001. 598 

16. Hernandez-Restrepo, M.; Groenewald, J.Z.; Elliott, M.L.; Canning, G.; McMillan, V.E.; Crous, P.W. 599 
Take-all or nothing. Stud Mycol 2016, 83, 19-48, doi:10.1016/j.simyco.2016.06.002. 600 

17. Antonissen, G.; Martel, A.; Pasmans, F.; Ducatelle, R.; Verbrugghe, E.; Vandenbroucke, V.; Li, S.; 601 
Haesebrouck, F.; Van Immerseel, F.; Croubels, S. The impact of Fusarium mycotoxins on human and 602 
animal host susceptibility to infectious diseases. Toxins (Basel) 2014, 6, 430-452, 603 
doi:10.3390/toxins6020430. 604 

18. Law, J.W.; Ser, H.L.; Khan, T.M.; Chuah, L.H.; Pusparajah, P.; Chan, K.G.; Goh, B.H.; Lee, L.H. The 605 
Potential of Streptomyces as Biocontrol Agents against the Rice Blast Fungus, Magnaporthe oryzae 606 
(Pyricularia oryzae). Front Microbiol 2017, 8, 3, doi:10.3389/fmicb.2017.00003. 607 

19. Pimentel, D.; McLaughlin, L.; Zepp, A.; Lakitan, B.; Kraus, T.; Kleinman, P.; Vancini, F.; Roach, W.J.; 608 
Graap, E.; Keeton, W.S., et al. Environmental and economic effects of reducing pesticide use in 609 
agriculture. Agriculture, Ecosystems & Environment 1993, 46, 273-288, doi:https://doi.org/10.1016/0167-610 
8809(93)90030-S. 611 

20. Viaene, T.; Langendries, S.; Beirinckx, S.; Maes, M.; Goormachtig, S. Streptomyces as a plant's best 612 
friend? FEMS Microbiology Ecology 2016, fiw119. 613 



Pathogens 2019, 8, x FOR PEER REVIEW 14 of 24 

 

21. Lucas, J.A.; Hawkins, N.J.; Fraaije, B.A. The evolution of fungicide resistance. Adv Appl Microbiol 2015, 614 
90, 29-92, doi:10.1016/bs.aambs.2014.09.001. 615 

22. Hawkins, N.J.; Bass, C.; Dixon, A.; Neve, P. The evolutionary origins of pesticide resistance. Biol Rev 616 
Camb Philos Soc 2018, 10.1111/brv.12440, doi:10.1111/brv.12440. 617 

23. Chellemi, D.O.; Gamliel, A.; Katan, J.; Subbarao, K.V. Development and Deployment of Systems-618 
Based Approaches for the Management of Soilborne Plant Pathogens. Phytopathology 2016, 106, 216-619 
225, doi:10.1094/PHYTO-09-15-0204-RVW. 620 

24. Poland, J.; Rutkoski, J. Advances and Challenges in Genomic Selection for Disease Resistance. Annu 621 
Rev Phytopathol 2016, 54, 79-98, doi:10.1146/annurev-phyto-080615-100056. 622 

25. Goutam, U.; Kukreja, S.; Yadav, R.; Salaria, N.; Thakur, K.; Goyal, A.K. Recent trends and 623 
perspectives of molecular markers against fungal diseases in wheat. Front Microbiol 2015, 6, 861, 624 
doi:10.3389/fmicb.2015.00861. 625 

26. Ellis, J.G.; Lagudah, E.S.; Spielmeyer, W.; Dodds, P.N. The past, present and future of breeding rust 626 
resistant wheat. Front Plant Sci 2014, 5, 641, doi:10.3389/fpls.2014.00641. 627 

27. Hiltner, L. Uber neure Erfahrungen und probleme auf dem gebeit der bodenback- teriologie und 628 
unter besonderer berucksichtigung der grundungung und brache. Deut. Landwirsch Ges 1904, 98, 59-629 
78. 630 

28. Gaiero, J.R.; McCall, C.A.; Thompson, K.A.; Day, N.J.; Best, A.S.; Dunfield, K.E. Inside the root 631 
microbiome: bacterial root endophytes and plant growth promotion. Am J Bot 2013, 100, 1738-1750, 632 
doi:10.3732/ajb.1200572. 633 

29. Berg, G.; Grube, M.; Schloter, M.; Smalla, K. Unraveling the plant microbiome: looking back and 634 
future perspectives. Front Microbiol 2014, 5, 148, doi:10.3389/fmicb.2014.00148. 635 

30. Philippot, L.; Raaijmakers, J.M.; Lemanceau, P.; van der Putten, W.H. Going back to the roots: the 636 
microbial ecology of the rhizosphere. Nat Rev Microbiol 2013, 11, 789-799, doi:10.1038/nrmicro3109. 637 

31. Berg, G.; Smalla, K. Plant species and soil type cooperatively shape the structure and function of 638 
microbial communities in the rhizosphere. FEMS microbiology ecology 2009, 68, 1-13. 639 

32. Bulgarelli, D.; Garrido-Oter, R.; Munch, P.C.; Weiman, A.; Droge, J.; Pan, Y.; McHardy, A.C.; Schulze-640 
Lefert, P. Structure and function of the bacterial root microbiota in wild and domesticated barley. Cell 641 
Host Microbe 2015, 17, 392-403, doi:10.1016/j.chom.2015.01.011. 642 

33. Bulgarelli, D.; Rott, M.; Schlaeppi, K.; van Themaat, E.V.L.; Ahmadinejad, N.; Assenza, F.; Rauf, P.; 643 
Huettel, B.; Reinhardt, R.; Schmelzer, E. Revealing structure and assembly cues for Arabidopsis root-644 
inhabiting bacterial microbiota. Nature 2012, 488, 91-95. 645 

34. Lundberg, D.S.; Lebeis, S.L.; Paredes, S.H.; Yourstone, S.; Gehring, J.; Malfatti, S.; Tremblay, J.; 646 
Engelbrektson, A.; Kunin, V.; Del Rio, T.G. Defining the core Arabidopsis thaliana root microbiome. 647 
Nature 2012, 488, 86-90. 648 

35. Haichar, F.E.; Marol, C.; Berge, O.; Rangel-Castro, J.I.; Prosser, J.I.; Balesdent, J.; Heulin, T.; Achouak, 649 
W. Plant host habitat and root exudates shape soil bacterial community structure. Isme Journal 2008, 2, 650 
1221-1230, doi:10.1038/ismej.2008.80. 651 

36. Liu, H.; Carvalhais, L.C.; Crawford, M.; Singh, E.; Dennis, P.G.; Pieterse, C.M.J.; Schenk, P.M. Inner 652 
Plant Values: Diversity, Colonization and Benefits from Endophytic Bacteria. Front Microbiol 2017, 8, 653 
2552, doi:10.3389/fmicb.2017.02552. 654 



Pathogens 2019, 8, x FOR PEER REVIEW 15 of 24 

 

37. Bais, H.P.; Weir, T.L.; Perry, L.G.; Gilroy, S.; Vivanco, J.M. The role of root exudates in rhizosphere 655 
interactions with plants and other organisms. Annu Rev Plant Biol 2006, 57, 233-266, 656 
doi:10.1146/annurev.arplant.57.032905.105159. 657 

38. Chaparro, J.M.; Badri, D.V.; Bakker, M.G.; Sugiyama, A.; Manter, D.K.; Vivanco, J.M. Root exudation 658 
of phytochemicals in Arabidopsis follows specific patterns that are developmentally programmed and 659 
correlate with soil microbial functions. PLoS One 2013, 8, e55731, doi:10.1371/journal.pone.0055731. 660 

39. Weller, D.M.; Raaijmakers, J.M.; Gardener, B.B.; Thomashow, L.S. Microbial populations responsible 661 
for specific soil suppressiveness to plant pathogens. Annu Rev Phytopathol 2002, 40, 309-348, 662 
doi:10.1146/annurev.phyto.40.030402.110010. 663 

40. Berg, G. Plant-microbe interactions promoting plant growth and health: perspectives for controlled 664 
use of microorganisms in agriculture. Appl Microbiol Biotechnol 2009, 84, 11-18, doi:10.1007/s00253-009-665 
2092-7. 666 

41. Mendes, R.; Garbeva, P.; Raaijmakers, J.M. The rhizosphere microbiome: significance of plant 667 
beneficial, plant pathogenic, and human pathogenic microorganisms. FEMS Microbiol Rev 2013, 37, 668 
634-663, doi:10.1111/1574-6976.12028. 669 

42. Schlatter, D.; Kinkel, L.; Thomashow, L.; Weller, D.; Paulitz, T. Disease Suppressive Soils: New 670 
Insights from the Soil Microbiome. Phytopathology 2017, 107, 1284-1297, doi:10.1094/PHYTO-03-17-671 
0111-RVW. 672 

43. Hopwood, D.A. Streptomyces in nature and medicine: the antibiotic makers; Oxford University Press: New 673 
York, 2007. 674 

44. Chater, K.F. Streptomyces inside-out: a new perspective on the bacteria that provide us with 675 
antibiotics. Philos Trans R Soc Lond B Biol Sci 2006, 361, 761-768, doi:10.1098/rstb.2005.1758. 676 

45. Chater, K.F. Recent advances in understanding Streptomyces. F1000Res 2016, 5, 2795, 677 
doi:10.12688/f1000research.9534.1. 678 

46. van der Meij, A.; Worsley, S.F.; Hutchings, M.I.; van Wezel, G.P. Chemical ecology of antibiotic 679 
production by actinomycetes. FEMS Microbiol Rev 2017, 41, 392-416, doi:10.1093/femsre/fux005. 680 

47. Schrey, S.D.; Tarkka, M.T. Friends and foes: streptomycetes as modulators of plant disease and 681 
symbiosis. Antonie Van Leeuwenhoek 2008, 94, 11-19. 682 

48. Rey, T.; Dumas, B. Plenty Is No Plague: Streptomyces Symbiosis with Crops. Trends Plant Sci 2017, 22, 683 
30-37, doi:10.1016/j.tplants.2016.10.008. 684 

49. Bodenhausen, N.; Horton, M.W.; Bergelson, J. Bacterial communities associated with the leaves and 685 
the roots of Arabidopsis thaliana. PloS one 2013, 8, e56329. 686 

50. Weinert, N.; Piceno, Y.; Ding, G.-C.; Meincke, R.; Heuer, H.; Berg, G.; Schloter, M.; Andersen, G.; 687 
Smalla, K. PhyloChip hybridization uncovered an enormous bacterial diversity in the rhizosphere of 688 
different potato cultivars: many common and few cultivar-dependent taxa. FEMS Microbiology Ecology 689 
2011, 75, 497-506. 690 

51. Edwards, J.; Johnson, C.; Santos-Medellin, C.; Lurie, E.; Podishetty, N.K.; Bhatnagar, S.; Eisen, J.A.; 691 
Sundaresan, V. Structure, variation, and assembly of the root-associated microbiomes of rice. Proc 692 
Natl Acad Sci U S A 2015, 112, E911-920, doi:10.1073/pnas.1414592112. 693 

52. Liu, H.; Carvalhais, L.C.; Schenk, P.M.; Dennis, P.G. Effects of jasmonic acid signalling on the wheat 694 
microbiome differ between body sites. Sci Rep 2017, 7, 41766, doi:10.1038/srep41766. 695 

53. Coombs, J.T.; Franco, C.M. Visualization of an endophytic Streptomyces species in wheat seed. Appl 696 
Environ Microbiol 2003, 69, 4260-4262. 697 



Pathogens 2019, 8, x FOR PEER REVIEW 16 of 24 

 

54. Strobel, G.A. Endophytes as sources of bioactive products. Microbes Infect 2003, 5, 535-544. 698 
55. Bonaldi, M.; Chen, X.; Kunova, A.; Pizzatti, C.; Saracchi, M.; Cortesi, P. Colonization of lettuce 699 

rhizosphere and roots by tagged Streptomyces. Frontiers in microbiology 2015, 6, 25. 700 
56. Chen, X.; Pizzatti, C.; Bonaldi, M.; Saracchi, M.; Erlacher, A.; Kunova, A.; Berg, G.; Cortesi, P. 701 

Biological Control of Lettuce Drop and Host Plant Colonization by Rhizospheric and Endophytic 702 
Streptomycetes. Front Microbiol 2016, 7, 714, doi:10.3389/fmicb.2016.00714. 703 

57. Tokala, R.K.; Strap, J.L.; Jung, C.M.; Crawford, D.L.; Salove, M.H.; Deobald, L.A.; Bailey, J.F.; Morra, 704 
M. Novel plant-microbe rhizosphere interaction involving Streptomyces lydicus WYEC108 and the pea 705 
plant (Pisum sativum). Applied and environmental microbiology 2002, 68, 2161-2171. 706 

58. Palaniyandi, S.A.; Damodharan, K.; Yang, S.H.; Suh, J.W. Streptomyces sp. strain PGPA39 alleviates 707 
salt stress and promotes growth of 'Micro Tom' tomato plants. J Appl Microbiol 2014, 117, 766-773, 708 
doi:10.1111/jam.12563. 709 

59. Chaurasia, A.; Meena, B.R.; Tripathi, A.N.; Pandey, K.K.; Rai, A.B.; Singh, B. Actinomycetes: an 710 
unexplored microorganisms for plant growth promotion and biocontrol in vegetable crops. World J 711 
Microbiol Biotechnol 2018, 34, 132, doi:10.1007/s11274-018-2517-5. 712 

60. Patel, J.K.; Madaan, S.; Archana, G. Antibiotic producing endophytic Streptomyces spp. colonize above-713 
ground plant parts and promote shoot growth in multiple healthy and pathogen-challenged cereal 714 
crops. Microbiological Research 2018, 215, 36-45, doi:https://doi.org/10.1016/j.micres.2018.06.003. 715 

61. Li, Q.; Jiang, Y.; Ning, P.; Zheng, L.; Huang, J.; Li, G.; Jiang, D.; Hsiang, T. Suppression of Magnaporthe 716 
oryzae by culture filtrates of Streptomyces globisporus JK-1. Biol Control 2011, 58, 139-148, 717 
doi:https://doi.org/10.1016/j.biocontrol.2011.04.013. 718 

62. Tian, X.L.; Cao, L.X.; Tan, H.M.; Zeng, Q.G.; Jia, Y.Y.; Han, W.Q.; Zhou, S.N. Study on the 719 
communities of endophytic fungi and endophytic actinomycetes from rice and their antipathogenic 720 
activities in vitro. World Journal of Microbiology and Biotechnology 2004, 20, 303-309, 721 
doi:10.1023/B:WIBI.0000023843.83692.3f. 722 

63. Jung, B.; Park, S.; Lee, Y.; Lee, J. Biological Efficacy of Streptomyces sp. Strain BN1 Against the Cereal 723 
Head Blight Pathogen Fusarium graminearum. The plant pathology journal 2013, 29, 52-58, 724 
doi:10.5423/PPJ.OA.07.2012.0113. 725 

64. Cha, J.Y.; Han, S.; Hong, H.J.; Cho, H.; Kim, D.; Kwon, Y.; Kwon, S.K.; Crusemann, M.; Bok Lee, Y.; 726 
Kim, J.F., et al. Microbial and biochemical basis of a Fusarium wilt-suppressive soil. ISME J 2016, 10, 727 
119-129, doi:10.1038/ismej.2015.95. 728 

65. Yekkour, A.; Sabaou, N.; Zitouni, A.; Errakhi, R.; Mathieu, F.; Lebrihi, A. Characterization and 729 
antagonistic properties of Streptomyces strains isolated from Saharan soils, and evaluation of their 730 
ability to control seedling blight of barley caused by Fusarium culmorum. Letters in Applied Microbiology 731 
2012, 55, 427-435, doi:10.1111/j.1472-765x.2012.03312.x. 732 

66. LahdenperÄ, M.L.; Simon, E.; Uoti, J. Mycostop - A Novel Biofungicide Based on Streptomyces 733 
Bacteria. In Developments in Agricultural and Managed Forest Ecology, Beemster, A.B.R., Bollen, G.J., 734 
Gerlagh, M., Ruissen, M.A., Schippers, B., Tempel, A., Eds. Elsevier: 1991; Vol. 23, pp. 258-263. 735 

67. Adesina, M.F.; Lembke, A.; Costa, R.; Speksnijder, A.; Smalla, K. Screening of bacterial isolates from 736 
various European soils for in vitro antagonistic activity towards Rhizoctonia solani and Fusarium 737 
oxysporum: Site-dependent composition and diversity revealed. Soil Biology and Biochemistry 2007, 39, 738 
2818-2828, doi:https://doi.org/10.1016/j.soilbio.2007.06.004. 739 



Pathogens 2019, 8, x FOR PEER REVIEW 17 of 24 

 

68. Wang, C.; Wang, Z.; Qiao, X.; Li, Z.; Li, F.; Chen, M.; Wang, Y.; Huang, Y.; Cui, H. Antifungal activity 740 
of volatile organic compounds from Streptomyces alboflavus TD-1. FEMS Microbiol Lett 2013, 341, 45-51, 741 
doi:10.1111/1574-6968.12088. 742 

69. Bressan, W. Biological control of maize seed pathogenic fungi by use of actinomycetes. BioControl 743 
2003, 48, 233-240, doi:10.1023/A:1022673226324. 744 

70. Sahli, A.A.A. Biocontrol of Fusarium udum diseases for some wheat cultivars by Streptomyces 745 
spororaveus. African Journal of Microbiology Research 2012, 6, doi:10.5897/AJMR11.1299. 746 

71. Wu, Z.M.; Yang, Y.; Li, K.T. Antagonistic activity of a novel antifungalmycin N2 from Streptomyces sp. 747 
N2 and its biocontrol efficacy against Rhizoctonia solani. FEMS Microbiol Lett 2019, 366, 748 
doi:10.1093/femsle/fnz018. 749 

72. Yuan, W.M.; Crawford, D.L. Characterization of Streptomyces lydicus WYEC108 as a potential 750 
biocontrol agent against fungal root and seed rots. Applied and Environmental Microbiology 1995, 61, 751 
3119-3128. 752 

73. Wan, M.; Li, G.; Zhang, J.; Jiang, D.; Huang, H.-C. Effect of volatile substances of Streptomyces platensis 753 
F-1 on control of plant fungal diseases. Biol Control 2008, 46, 552-559, 754 
doi:https://doi.org/10.1016/j.biocontrol.2008.05.015. 755 

74. Xu, B.; Chen, W.; Wu, Z.-m.; Long, Y.; Li, K.-t. A Novel and Effective Streptomyces sp. N2 Against 756 
Various Phytopathogenic Fungi. Applied Biochemistry and Biotechnology 2015, 177, 1338-1347, 757 
doi:10.1007/s12010-015-1818-5. 758 

75. Mahadevan, B.; Crawford, D.L. Properties of the chitinase of the antifungal biocontrol agent 759 
Streptomyces lydicus WYEC108. Enzyme and Microbial Technology 1997, 20, 489-493, 760 
doi:https://doi.org/10.1016/S0141-0229(96)00175-5. 761 

76. Bignell, D.R.; Seipke, R.F.; Huguet-Tapia, J.C.; Chambers, A.H.; Parry, R.J.; Loria, R. Streptomyces 762 
scabies 87-22 contains a coronafacic acid-like biosynthetic cluster that contributes to plant-microbe 763 
interactions. Mol Plant Microbe Interact 2010, 23, 161-175, doi:10.1094/MPMI-23-2-0161. 764 

77. Fyans, J.K.; Altowairish, M.S.; Li, Y.; Bignell, D.R. Characterization of the Coronatine-Like 765 
Phytotoxins Produced by the Common Scab Pathogen Streptomyces scabies. Mol Plant Microbe Interact 766 
2015, 28, 443-454, doi:10.1094/MPMI-09-14-0255-R. 767 

78. Fyans, J.K.; Bown, L.; Bignell, D.R. Isolation and characterization of plant-pathogenic Streptomyces 768 
species associated with common scab-infected potato tubers in Newfoundland. Phytopathology 2016, 769 
106, 123-131, doi:10.1094/PHYTO-05-15-0125-R. 770 

79. Kers, J.A.; Cameron, K.D.; Joshi, M.V.; Bukhalid, R.A.; Morello, J.E.; Wach, M.J.; Gibson, D.M.; Loria, 771 
R. A large, mobile pathogenicity island confers plant pathogenicity on Streptomyces species. Mol 772 
Microbiol 2005, 55, 1025-1033, doi:10.1111/j.1365-2958.2004.04461.x. 773 

80. Seipke, R.F.; Kaltenpoth, M.; Hutchings, M.I. Streptomyces as symbionts: an emerging and widespread 774 
theme? Fems Microbiology Reviews 2012, 36, 862-876, doi:10.1111/j.1574-6976.2011.00313.x. 775 

81. Chapelle, E.; Mendes, R.; Bakker, P.A.; Raaijmakers, J.M. Fungal invasion of the rhizosphere 776 
microbiome. ISME J 2016, 10, 265-268, doi:10.1038/ismej.2015.82. 777 

82. Mendes, R.; Kruijt, M.; de Bruijn, I.; Dekkers, E.; van der Voort, M.; Schneider, J.H.; Piceno, Y.M.; 778 
DeSantis, T.Z.; Andersen, G.L.; Bakker, P.A., et al. Deciphering the rhizosphere microbiome for 779 
disease-suppressive bacteria. Science 2011, 332, 1097-1100, doi:10.1126/science.1203980. 780 

83. Inderbitzin, P.; Ward, J.; Barbella, A.; Solares, N.; Izyumin, D.; Burman, P.; Chellemi, D.O.; Subbarao, 781 
K.V. Soil Microbiomes Associated with Verticillium Wilt-Suppressive Broccoli and Chitin 782 



Pathogens 2019, 8, x FOR PEER REVIEW 18 of 24 

 

Amendments are Enriched with Potential Biocontrol Agents. Phytopathology 2018, 108, 31-43, 783 
doi:10.1094/PHYTO-07-17-0242-R. 784 

84. Kinkel, L.L.; Schlatter, D.C.; Bakker, M.G.; Arenz, B.E. Streptomyces competition and co-evolution in 785 
relation to plant disease suppression. Res Microbiol 2012, 163, 490-499, doi:10.1016/j.resmic.2012.07.005. 786 

85. Tahvonen, R.k. The suppressiveness of Finnish light coloured Sphagnum peat. Journal of the Scientific 787 
Agricultural Society of Finland 1982, 54, 345-356. 788 

86. Chater, K.F.; Biro, S.; Lee, K.J.; Palmer, T.; Schrempf, H. The complex extracellular biology of 789 
Streptomyces. FEMS Microbiol Rev 2010, 34, 171-198, doi:10.1111/j.1574-6976.2009.00206.x. 790 

87. Schrempf, H. Recognition and degradation of chitin by streptomycetes. Antonie Van Leeuwenhoek 2001, 791 
79, 285-289. 792 

88. Hoster, F.; Schmitz, J.E.; Daniel, R. Enrichment of chitinolytic microorganisms: isolation and 793 
characterization of a chitinase exhibiting antifungal activity against phytopathogenic fungi from a 794 
novel Streptomyces strain. Appl Microbiol Biotechnol 2005, 66, 434-442, doi:10.1007/s00253-004-1664-9. 795 

89. Quecine, M.C.; Araujo, W.L.; Marcon, J.; Gai, C.S.; Azevedo, J.L.; Pizzirani-Kleiner, A.A. Chitinolytic 796 
activity of endophytic Streptomyces and potential for biocontrol. Lett Appl Microbiol 2008, 47, 486-491, 797 
doi:10.1111/j.1472-765X.2008.02428.x. 798 

90. Gomes, R.C.; Semêdo, L.T.A.S.; Soares, R.M.A.; Alviano, C.S.; And, L.F.L.; Coelho, R.R.R. Chitinolytic 799 
activity of actinomycetes from a cerrado soil and their potential in biocontrol. Letters in Applied 800 
Microbiology 2000, 30, 146-150, doi:10.1046/j.1472-765x.2000.00687.x. 801 

91. Joo, G.J. Purification and characterization of an extracellular chitinase from the antifungal biocontrol 802 
agent Streptomyces halstedii. Biotechnol Lett 2005, 27, 1483-1486, doi:10.1007/s10529-005-1315-y. 803 

92. Itoh, Y.; Takahashi, K.; Takizawa, H.; Nikaidou, N.; Tanaka, H.; Nishihashi, H.; Watanabe, T.; 804 
Nishizawa, Y. Family 19 chitinase of Streptomyces griseus HUT6037 increases plant resistance to the 805 
fungal disease. Biosci Biotechnol Biochem 2003, 67, 847-855, doi:10.1271/bbb.67.847. 806 

93. Cordovez, V.; Carrion, V.J.; Etalo, D.W.; Mumm, R.; Zhu, H.; van Wezel, G.P.; Raaijmakers, J.M. 807 
Diversity and functions of volatile organic compounds produced by Streptomyces from a disease-808 
suppressive soil. Front Microbiol 2015, 6, 1081, doi:10.3389/fmicb.2015.01081. 809 

94. Wheatley, R.E. The consequences of volatile organic compound mediated bacterial and fungal 810 
interactions. Antonie Van Leeuwenhoek 2002, 81, 357-364. 811 

95. Schmidt, R.; Cordovez, V.; de Boer, W.; Raaijmakers, J.; Garbeva, P. Volatile affairs in microbial 812 
interactions. ISME J 2015, 9, 2329-2335, doi:10.1038/ismej.2015.42. 813 

96. Burg, R.W.; Miller, B.M.; Baker, E.E.; Birnbaum, J.; Currie, S.A.; Hartman, R.; Kong, Y.L.; Monaghan, 814 
R.L.; Olson, G.; Putter, I., et al. Avermectins, new family of potent anthelmintic agents: producing 815 
organism and fermentation. Antimicrob Agents Chemother 1979, 15, 361-367. 816 

97. Huang, W.K.; Sun, J.H.; Cui, J.K.; Wang, G.F.; Kong, L.A.; Peng, H.; Chen, S.L.; Peng, D.L. Efficacy 817 
evaluation of fungus Syncephalastrum racemosum and nematicide avermectin against the root-knot 818 
nematode Meloidogyne incognita on cucumber. PLoS One 2014, 9, e89717, 819 
doi:10.1371/journal.pone.0089717. 820 

98. Kumar, M.; Gantasala, N.P.; Roychowdhury, T.; Thakur, P.K.; Banakar, P.; Shukla, R.N.; Jones, M.G.; 821 
Rao, U. De novo transcriptome sequencing and analysis of the cereal cyst nematode, Heterodera avenae. 822 
PLoS One 2014, 9, e96311, doi:10.1371/journal.pone.0096311. 823 

99. Nicol, J.M.; Turner, S.J.; Coyne, D.L.; Nijs, L.d.; Hockland, S.; Maafi, Z.T. Current Nematode Threats 824 
to World Agriculture. In Genomics and Molecular Genetics of Plant-Nematode Interactions, Jones, J., 825 



Pathogens 2019, 8, x FOR PEER REVIEW 19 of 24 

 

Gheysen, G., Fenoll, C., Eds. Springer Netherlands: Dordrecht, 2011; 10.1007/978-94-007-0434-3_2pp. 826 
21-43. 827 

100. Nour, S.M.; Lawrence, J.R.; Zhu, H.; Swerhone, G.D.; Welsh, M.; Welacky, T.W.; Topp, E. Bacteria 828 
associated with cysts of the soybean cyst nematode (Heterodera glycines). Appl Environ Microbiol 829 
2003, 69, 607-615. 830 

101. Samac, D.A.; Kinkel, L.L. Suppression of the root-lesion nematode (Pratylenchus penetrans) in alfalfa 831 
(Medicago sativa) by Streptomyces spp. Plant and Soil 2001, 235, 35-44, doi:10.1023/A:1011820002779. 832 

102. Zhang, J.; Wang, L.M.; Li, Y.H.; Ding, S.L.; Yuan, H.X.; Riley, I.T.; Li, H.L. Biocontrol of cereal cyst 833 
nematode by Streptomyces anulatus isolate S07. Australasian Plant Pathology 2016, 45, 57-64, 834 
doi:10.1007/s13313-015-0385-0. 835 

103. Archetti, M.; Ubeda, F.; Fudenberg, D.; Green, J.; Pierce, N.E.; Yu, D.W. Let the right one in: a 836 
microeconomic approach to partner choice in mutualisms. Am Nat 2011, 177, 75-85, 837 
doi:10.1086/657622. 838 

104. Lugtenberg, B.; Kamilova, F. Plant-growth-promoting rhizobacteria. Annu Rev Microbiol 2009, 63, 541-839 
556, doi:10.1146/annurev.micro.62.081307.162918. 840 

105. Van Wees, S.C.; Van der Ent, S.; Pieterse, C.M. Plant immune responses triggered by beneficial 841 
microbes. Curr Opin Plant Biol 2008, 11, 443-448, doi:10.1016/j.pbi.2008.05.005. 842 

106. Pieterse, C.M.; Van der Does, D.; Zamioudis, C.; Leon-Reyes, A.; Van Wees, S.C. Hormonal 843 
modulation of plant immunity. Annu Rev Cell Dev Biol 2012, 28, 489-521, doi:10.1146/annurev-cellbio-844 
092910-154055. 845 

107. Pieterse, C.M.; Zamioudis, C.; Berendsen, R.L.; Weller, D.M.; Van Wees, S.C.; Bakker, P.A. Induced 846 
systemic resistance by beneficial microbes. Annu Rev Phytopathol 2014, 52, 347-375, 847 
doi:10.1146/annurev-phyto-082712-102340. 848 

108. Conn, V.M.; Walker, A.R.; Franco, C.M. Endophytic Actinobacteria induce defense pathways in 849 
Arabidopsis thaliana. Mol Plant Microbe Interact 2008, 21, 208-218, doi:10.1094/MPMI-21-2-0208. 850 

109. Syed Ab Rahman, S.F.; Singh, E.; Pieterse, C.M.J.; Schenk, P.M. Emerging microbial biocontrol 851 
strategies for plant pathogens. Plant Sci 2018, 267, 102-111, doi:10.1016/j.plantsci.2017.11.012. 852 

110. Chevrette, M.G.; Carlson, C.M.; Ortega, H.E.; Thomas, C.; Ananiev, G.E.; Barns, K.J.; Book, A.J.; 853 
Cagnazzo, J.; Carlos, C.; Flanigan, W., et al. The antimicrobial potential of Streptomyces from insect 854 
microbiomes. Nat Commun 2019, 10, 516, doi:10.1038/s41467-019-08438-0. 855 

111. Himmelstein, J.C.; Maul, J.E.; Everts, K.L. Impact of Five Cover Crop Green Manures and Actinovate 856 
on Fusarium Wilt of Watermelon. Plant Disease 2014, 98, 965-972, doi:10.1094/PDIS-06-13-0585-RE. 857 

112. Sabaratnam, S.; Traquair, J.A. Mechanism of antagonism by Streptomyces griseocarneus (strain Di944) 858 
against fungal pathogens of greenhouse-grown tomato transplants. Canadian Journal of Plant Pathology 859 
2015, 37, 197-211, doi:10.1080/07060661.2015.1039062. 860 

113. Zhang, S.; Vallad, G.E.; White, T.L.; Huang, C.-H. Evaluation of Microbial Products for Management 861 
of Powdery Mildew on Summer Squash and Cantaloupe in Florida. Plant Disease 2011, 95, 461-468, 862 
doi:10.1094/PDIS-07-10-0521. 863 

114. Tahvonen, R.; Hannukkala, A.; Avikainen, H. Effect of seed dressing treatment of Streptomyces 864 
griseoviridis on barley and spring wheat in field experiments. . Agricultural and Food Science 1995, 4, 865 
419-427. 866 



Pathogens 2019, 8, x FOR PEER REVIEW 20 of 24 

 

115. Rousk, J.; Bååth, E.; Brookes, P.C.; Lauber, C.L.; Lozupone, C.; Caporaso, J.G.; Knight, R.; Fierer, N. 867 
Soil bacterial and fungal communities across a pH gradient in an arable soil. The ISME Journal 2010, 4, 868 
1340-1351, doi:10.1038/ismej.2010.58. 869 

116. Pershina, E.V.; Ivanova, E.A.; Korvigo, I.O.; Chirak, E.L.; Sergaliev, N.H.; Abakumov, E.V.; Provorov, 870 
N.A.; Andronov, E.E. Investigation of the core microbiome in main soil types from the East European 871 
plain. Science of The Total Environment 2018, 631-632, 1421-1430, doi:10.1016/j.scitotenv.2018.03.136. 872 

117. Classen, A.T.; Sundqvist, M.K.; Henning, J.A.; Newman, G.S.; Moore, J.A.M.; Cregger, M.A.; 873 
Moorhead, L.C.; Patterson, C.M. Direct and indirect effects of climate change on soil microbial and 874 
soil microbial-plant interactions: What lies ahead? Ecosphere 2015, 6, art130, doi:10.1890/ES15-00217.1. 875 

118. Mavrodi, D.V.; Mavrodi, O.V.; Elbourne, L.D.H.; Tetu, S.; Bonsall, R.F.; Parejko, J.; Yang, M.; Paulsen, 876 
I.T.; Weller, D.M.; Thomashow, L.S. Long-Term Irrigation Affects the Dynamics and Activity of the 877 
Wheat Rhizosphere Microbiome. Frontiers in Plant Science 2018, 9, doi:10.3389/fpls.2018.00345. 878 

119. Babin, D.; Deubel, A.; Jacquiod, S.; Sørensen, S.J.; Geistlinger, J.; Grosch, R.; Smalla, K. Impact of long-879 
term agricultural management practices on soil prokaryotic communities. Soil Biology and Biochemistry 880 
2019, 129, 17-28, doi:10.1016/j.soilbio.2018.11.002. 881 

120. Turner, T.R.; Ramakrishnan, K.; Walshaw, J.; Heavens, D.; Alston, M.; Swarbreck, D.; Osbourn, A.; 882 
Grant, A.; Poole, P.S. Comparative metatranscriptomics reveals kingdom level changes in the 883 
rhizosphere microbiome of plants. The ISME Journal 2013, 7, 2248-2258, doi:10.1038/ismej.2013.119. 884 

121. Bressan, M.; Roncato, M.-A.; Bellvert, F.; Comte, G.; el Zahar Haichar, F.; Achouak, W.; Berge, O. 885 
Exogenous glucosinolate produced by Arabidopsis thaliana has an impact on microbes in the 886 
rhizosphere and plant roots. The ISME journal 2009, 3, 1243-1257. 887 

122. Micallef, S.A.; Shiaris, M.P.; Colón-Carmona, A. Influence of Arabidopsis thaliana accessions on 888 
rhizobacterial communities and natural variation in root exudates. Journal of Experimental Botany 2009, 889 
60, 1729-1742, doi:10.1093/jxb/erp053. 890 

123. Chaparro, J.M.; Badri, D.V.; Vivanco, J.M. Rhizosphere microbiome assemblage is affected by plant 891 
development. ISME J 2014, 8, 790-803, doi:10.1038/ismej.2013.196. 892 

124. Edwards, J.A.; Santos-Medellín, C.M.; Liechty, Z.S.; Nguyen, B.; Lurie, E.; Eason, S.; Phillips, G.; 893 
Sundaresan, V. Compositional shifts in root-associated bacterial and archaeal microbiota track the 894 
plant life cycle in field-grown rice. PLOS Biology 2018, 16, e2003862, doi:10.1371/journal.pbio.2003862. 895 

125. Bakker, M.G.; Chaparro, J.M.; Manter, D.K.; Vivanco, J.M. Impacts of bulk soil microbial community 896 
structure on rhizosphere microbiomes of Zea mays. Plant and Soil 2015, 392, 115-126, 897 
doi:10.1007/s11104-015-2446-0. 898 

126. Rocca, J.D.; Simonin, M.; Blaszczak, J.R.; Ernakovich, J.G.; Gibbons, S.M.; Midani, F.S.; Washburne, 899 
A.D. The Microbiome Stress Project: Toward a Global Meta-Analysis of Environmental Stressors and 900 
Their Effects on Microbial Communities. Frontiers in Microbiology 2019, 9, 901 
doi:10.3389/fmicb.2018.03272. 902 

127. Zhang, Y.; Ruyter-Spira, C.; Bouwmeester, H.J. Engineering the plant rhizosphere. Curr Opin 903 
Biotechnol 2015, 32, 136-142, doi:10.1016/j.copbio.2014.12.006. 904 

128. Entry, J.A.; Strasbaugh, C.A.; Sojka, R.E. Wood Chip-Polyacrylamide Medium for Biocontrol Bacteria 905 
Decreases Verticillium dahliae Infection on Potato. Biocontrol Science and Technology 2000, 10, 677-686, 906 
doi:10.1080/095831500750016479. 907 



Pathogens 2019, 8, x FOR PEER REVIEW 21 of 24 

 

129. Lumaret, J.-P.; Errouissi, F.; Floate, K.; Rombke, J.; Wardhaugh, K. A Review on the Toxicity and Non-908 
Target Effects of Macrocyclic Lactones in Terrestrial and Aquatic Environments. Current 909 
Pharmaceutical Biotechnology 2012, 13, 1004-1060, doi:10.2174/138920112800399257. 910 

130. Dennert, F.; Imperiali, N.; Staub, C.; Schneider, J.; Laessle, T.; Zhang, T.; Wittwer, R.; van der Heijden, 911 
M.G.A.; Smits, T.H.M.; Schlaeppi, K., et al. Conservation tillage and organic farming induce minor 912 
variations in Pseudomonas abundance, their antimicrobial function and soil disease resistance. FEMS 913 
Microbiology Ecology 2018, 94, doi:10.1093/femsec/fiy075. 914 

131. Ding, C.; Shen, Q.; Zhang, R.; Chen, W. Evaluation of rhizosphere bacteria and derived bio-organic 915 
fertilizers as potential biocontrol agents against bacterial wilt (Ralstonia solanacearum) of potato. Plant 916 
and Soil 2013, 366, 453-466, doi:10.1007/s11104-012-1425-y. 917 

132. Shen, Z.; Xue, C.; Penton, C.R.; Thomashow, L.S.; Zhang, N.; Wang, B.; Ruan, Y.; Li, R.; Shen, Q. 918 
Suppression of banana Panama disease induced by soil microbiome reconstruction through an 919 
integrated agricultural strategy. Soil Biology and Biochemistry 2019, 128, 164-174, 920 
doi:10.1016/j.soilbio.2018.10.016. 921 

133. Liu, Y.; Shi, J.; Feng, Y.; Yang, X.; Li, X.; Shen, Q. Tobacco bacterial wilt can be biologically controlled 922 
by the application of antagonistic strains in combination with organic fertilizer. Biology and Fertility of 923 
Soils 2013, 49, 447-464, doi:10.1007/s00374-012-0740-z. 924 

134. Pane, C.; Spaccini, R.; Piccolo, A.; Scala, F.; Bonanomi, G. Compost amendments enhance peat 925 
suppressiveness to Pythium ultimum, Rhizoctonia solani and Sclerotinia minor. Biol Control 2011, 56, 115-926 
124, doi:10.1016/j.biocontrol.2010.10.002. 927 

135. Watanabe, N.; Lewis, J.A.; Papavizas, G.C. Influence of Nitrogen Fertilizers on Growth, Spore 928 
Production and Germination, and Biocontrol Potential of Trichoderma and Gliocladium. Journal of 929 
Phytopathology 2008, 120, 337-346, doi:10.1111/j.1439-0434.1987.tb00497.x. 930 

136. Ketabchi, S.; Charehgani, H.; Majzoob, S. Impact of Rhizosphere Antagonistic Bacteria & Urea 931 
Fertilizer on Root Knot Nematode (Meloidogyne incognita) Under Green House Conditions. The Journal 932 
of Animal & Plant Sciences 2016, 26, 1780-1786. 933 

137. Siddiqui, I.A.; Shaukat, S.S. Zinc and glycerol enhance the production of nematicidal compounds in 934 
vitro and improve the biocontrol of Meloidogyne javanica in tomato by fluorescent pseudomonads. 935 
Letters in Applied Microbiology 2002, 35, 212-217, doi:10.1046/j.1472-765X.2002.01162.x. 936 

138. Antoraz, S.; SantamarÃ-a, R.n.I.; DÃ-az, M.; Sanz, D.; RodrÃ-guez, H.c. Toward a new focus in 937 
antibiotic and drug discovery from the Streptomyces arsenal. Frontiers in Microbiology 2015, 6, 938 
doi:10.3389/fmicb.2015.00461. 939 

139. Vörös, M.; Manczinger, L.; Kredics, L.; Szekeres, A.; Shine, K.; Alharbi, N.S.; Khaled, J.M.; Vágvölgyi, 940 
C. Influence of agro‐environmental pollutants on a biocontrol strain of Bacillus velezensis. 941 
MicrobiologyOpen 2019, 8, e00660, doi:10.1002/mbo3.660. 942 

140. Singh, A.K.; Chhatpar, H.S. Combined use of Streptomyces sp. A6 and chemical fungicides against 943 
fusarium wilt of Cajanus cajan may reduce the dosage of fungicides required in the field. Crop 944 
Protection 2011, 30, 770-775, doi:10.1016/j.cropro.2011.03.015. 945 

141. Fravel, D.R. Commercialization and implementation of biocontrol. Annu Rev Phytopathol 2005, 43, 337-946 
359, doi:10.1146/annurev.phyto.43.032904.092924. 947 

142. O'Callaghan, M. Microbial inoculation of seed for improved crop performance: issues and 948 
opportunities. Appl Microbiol Biotechnol 2016, 100, 5729-5746, doi:10.1007/s00253-016-7590-9. 949 



Pathogens 2019, 8, x FOR PEER REVIEW 22 of 24 

 

143. Preininger, C.; Sauer, U.; Bejarano, A.; Berninger, T. Concepts and applications of foliar spray for 950 
microbial inoculants. Applied Microbiology and Biotechnology 2018, 102, 7265-7282, doi:10.1007/s00253-951 
018-9173-4. 952 

144. Jambhulkar, P.P.; Sharma, P.; Yadav, R. Delivery Systems for Introduction of Microbial Inoculants in 953 
the Field. In Microbial Inoculants in Sustainable Agricultural Productivity, Singh, D.P., Singh, H.B., 954 
Prabha, R., Eds. Springer India: New Delhi, 2016; pp. 199-218. 955 

145. Pill, W.G. Advances in Fluid Drilling. HortTechnology 1991, 59-65. 956 
146. Khan, M.R.; Khan, S.M. Effects of root-dip treatment with certain phosphate solubilizing 957 

microorganisms on the fusarial wilt of tomato. Bioresource Technology 2002, 85, 213-215, 958 
doi:10.1016/S0960-8524(02)00077-9. 959 

147. Hardaker, J.M.; Hardwick, R.C. A Note on Rhizobium Inoculation of Beans (Phaseolus vulgaris) using 960 
the Fluid Drill Technique. Experimental Agriculture 1978, 14, 17, doi:10.1017/S0014479700008280. 961 

148. Clarkson, J.P.; Payne, T.; Mead, A.; Whipps, J.M. Selection of fungal biological control agents of 962 
Sclerotium cepivorum for control of white rot by sclerotial degradation in a UK soil. Plant Pathology 963 
2002, 51, 735-745, doi:10.1046/j.1365-3059.2002.00787.x. 964 

149. Callan, N.W.; D, M.E.; Miller, J.B. Bio-priming Seed Treatment for Biological Control of Pythium 965 
ultimum Pre-emergence Damping-off in sh2 Sweet Corn. Plant Disease 1990, 74, 368-372. 966 

150. Ardakani, S.S.; Heydari, A.; Khorasani, N.; Arjmandi, R. Development of New Bioformulations of 967 
Pseudomonas fluorescens and Evaluation of These Products Against Damping-off of Cotton Seedlings. 968 
Journal of Plant Pathology 2010, 92, 83-88. 969 

151. El-Mougy, N.S.; Abdel-Kader, M.M. Long-term activity of bio-priming seed treatment for biological 970 
control of faba bean root rot pathogens. Australasian Plant Pathology 2008, 37, 464, 971 
doi:10.1071/AP08043. 972 

152. Sutruedee, P.; Dusit, A.; Wilawan, C.; Tiyakhon, C.; Natthiya, B. Bioformulation Pseudomonas 973 
fluorescens SP007s against dirty panicle disease of rice. African Journal of Microbiology Research 2013, 7, 974 
5274-5283, doi:10.5897/AJMR2013.2503. 975 

153. Yadav, R.S.; Singh, V.; Pal, S.; Meena, S.K.; Meena, V.S.; Sarma, B.K.; Singh, H.B.; Rakshit, A. Seed bio-976 
priming of baby corn emerged as a viable strategy for reducing mineral fertilizer use and increasing 977 
productivity. Scientia Horticulturae 2018, 241, 93-99, doi:10.1016/j.scienta.2018.06.096. 978 

154. Singh, P.J.; Mehrotra, R.S. Biological control of Rhizoctonia bataticola on gram by coating seed with 979 
Bacillus and Streptomyces spp. and their influence on plant growth. Plant and Soil 1980, 56, 475-483, 980 
doi:10.1007/BF02143041. 981 

155. Misk, A.; Franco, C. Biocontrol of chickpea root rot using endophytic Actinobacteria. BioControl 2011, 982 
56, 811-822, doi:10.1007/s10526-011-9352-z. 983 

156. El-Abyad, M.S.; El-Sayed, M.A.; El-Shanshoury, A.R.; El-Sabbagh, S.M. Towards the biological control 984 
of fungal and bacterial diseases of tomato using antagonistic Streptomyces spp. Plant and Soil 1993, 149, 985 
185-195, doi:10.1007/BF00016608. 986 

157. Müller, H.; Berg, G. Impact of formulation procedures on the effect of the biocontrol agent Serratia 987 
plymuthica HRO-C48 on Verticillium wilt in oilseed rape. BioControl 2008, 53, 905-916, 988 
doi:10.1007/s10526-007-9111-3. 989 

158. Sabaratnam, S.; Traquair, J.A. Formulation of a Streptomyces Biocontrol Agent for the Suppression of 990 
Rhizoctonia Damping-off in Tomato Transplants. Biol Control 2002, 23, 245-253, 991 
doi:10.1006/bcon.2001.1014. 992 



Pathogens 2019, 8, x FOR PEER REVIEW 23 of 24 

 

159. Ryan, P.R.; Dessaux, Y.; Thomashow, L.S.; Weller, D.M. Rhizosphere engineering and management 993 
for sustainable agriculture. Plant and Soil 2009, 321, 363-383, doi:10.1007/s11104-009-0001-6. 994 

160. Quiza, L.; St-Arnaud, M.; Yergeau, E. Harnessing phytomicrobiome signaling for rhizosphere 995 
microbiome engineering. Front Plant Sci 2015, 6, 507, doi:10.3389/fpls.2015.00507. 996 

161. Haichar, F.E.Z.; Heulin, T.; Guyonnet, J.P.; Achouak, W. Stable isotope probing of carbon flow in the 997 
plant holobiont. Curr Opin Biotechnol 2016, 41, 9-13, doi:10.1016/j.copbio.2016.02.023. 998 

162. Zhalnina, K.; Louie, K.B.; Hao, Z.; Mansoori, N.; da Rocha, U.N.; Shi, S.; Cho, H.; Karaoz, U.; Loque, 999 
D.; Bowen, B.P., et al. Dynamic root exudate chemistry and microbial substrate preferences drive 1000 
patterns in rhizosphere microbial community assembly. Nat Microbiol 2018, 3, 470-480, 1001 
doi:10.1038/s41564-018-0129-3. 1002 

163. Badri, D.V.; Chaparro, J.M.; Zhang, R.; Shen, Q.; Vivanco, J.M. Application of natural blends of 1003 
phytochemicals derived from the root exudates of Arabidopsis to the soil reveal that phenolic-related 1004 
compounds predominantly modulate the soil microbiome. Journal of Biological Chemistry 2013, 288, 1005 
4502-4512. 1006 

164. Badri, D.V.; Vivanco, J.M. Regulation and function of root exudates. Plant, Cell & Environment 2009, 1007 
32, 666-681. 1008 

165. Lebeis, S.L.; Paredes, S.H.; Lundberg, D.S.; Breakfield, N.; Gehring, J.; McDonald, M.; Malfatti, S.; Del 1009 
Rio, T.G.; Jones, C.D.; Tringe, S.G. Salicylic acid modulates colonization of the root microbiome by 1010 
specific bacterial taxa. Science 2015, 349, 860-864. 1011 

166. Haichar, F.Z.; Roncato, M.A.; Achouak, W. Stable isotope probing of bacterial community structure 1012 
and gene expression in the rhizosphere of Arabidopsis thaliana. FEMS Microbiol Ecol 2012, 81, 291-302, 1013 
doi:10.1111/j.1574-6941.2012.01345.x. 1014 

167. Jousset, A.; Rochat, L.; Lanoue, A.; Bonkowski, M.; Keel, C.; Scheu, S. Plants respond to pathogen 1015 
infection by enhancing the antifungal gene expression of root-associated bacteria. Mol Plant Microbe 1016 
Interact 2011, 24, 352-358, doi:10.1094/MPMI-09-10-0208. 1017 

168. Lanoue, A.; Burlat, V.; Henkes, G.J.; Koch, I.; Schurr, U.; Rose, U.S. De novo biosynthesis of defense 1018 
root exudates in response to Fusarium attack in barley. New Phytol 2010, 185, 577-588, 1019 
doi:10.1111/j.1469-8137.2009.03066.x. 1020 

169. Yuan, J.; Zhao, J.; Wen, T.; Zhao, M.; Li, R.; Goossens, P.; Huang, Q.; Bai, Y.; Vivanco, J.M.; 1021 
Kowalchuk, G.A., et al. Root exudates drive the soil-borne legacy of aboveground pathogen infection. 1022 
Microbiome 2018, 6, 156, doi:10.1186/s40168-018-0537-x. 1023 

170. Daddaoua, A.; Matilla, M.A.; Krell, T.; Chini, A.; Morel, B. An auxin controls bacterial antibiotics 1024 
production. Nucleic Acids Research 2018, 46, 11229-11238, doi:10.1093/nar/gky766. 1025 

171. van der Meij, A.; Willemse, J.; Schneijderberg, M.A.; Geurts, R.; Raaijmakers, J.M.; van Wezel, G.P. 1026 
Inter- and intracellular colonization of Arabidopsis roots by endophytic actinobacteria and the impact 1027 
of plant hormones on their antimicrobial activity. Antonie Van Leeuwenhoek 2018, 111, 679-690, 1028 
doi:10.1007/s10482-018-1014-z. 1029 

172. Badri, D.V.; Quintana, N.; El Kassis, E.G.; Kim, H.K.; Choi, Y.H.; Sugiyama, A.; Verpoorte, R.; 1030 
Martinoia, E.; Manter, D.K.; Vivanco, J.M. An ABC transporter mutation alters root exudation of 1031 
phytochemicals that provoke an overhaul of natural soil microbiota. Plant Physiology 2009, 151, 2006-1032 
2017. 1033 



Pathogens 2019, 8, x FOR PEER REVIEW 24 of 24 

 

173. Huang, A.C.; Jiang, T.; Liu, Y.-X.; Bai, Y.-C.; Reed, J.; Qu, B.; Goossens, A.; Nützmann, H.-W.; Bai, Y.; 1034 
Osbourn, A. A specialized metabolic network selectively modulates Arabidopsis root microbiota. 1035 
Science 2019, 364, eaau6389, doi:10.1126/science.aau6389. 1036 

174. Dumont, M.G.; Murrell, J.C. Stable isotope probing - linking microbial identity to function. Nat Rev 1037 
Microbiol 2005, 3, 499-504, doi:10.1038/nrmicro1162. 1038 

175. Camilios-Neto, D.; Bonato, P.; Wassem, R.; Tadra-Sfeir, M.Z.; Brusamarello-Santos, L.C.; Valdameri, 1039 
G.; Donatti, L.; Faoro, H.; Weiss, V.A.; Chubatsu, L.S., et al. Dual RNA-seq transcriptional analysis of 1040 
wheat roots colonized by Azospirillum brasilense reveals up-regulation of nutrient acquisition and cell 1041 
cycle genes. BMC Genomics 2014, 15, 378, doi:10.1186/1471-2164-15-378. 1042 

176. Mateus, I.D.; Masclaux, F.G.; Aletti, C.; Rojas, E.C.; Savary, R.; Dupuis, C.; Sanders, I.R. Dual RNA-seq 1043 
reveals large-scale non-conserved genotype x genotype-specific genetic reprograming and molecular 1044 
crosstalk in the mycorrhizal symbiosis. ISME J 2019, 10.1038/s41396-018-0342-3, doi:10.1038/s41396-1045 
018-0342-3. 1046 

177. Berry, D.; Stecher, B.; Schintlmeister, A.; Reichert, J.; Brugiroux, S.; Wild, B.; Wanek, W.; Richter, A.; 1047 
Rauch, I.; Decker, T., et al. Host-compound foraging by intestinal microbiota revealed by single-cell 1048 
stable isotope probing. Proc Natl Acad Sci U S A 2013, 110, 4720-4725, doi:10.1073/pnas.1219247110. 1049 

178. Musat, N.; Musat, F.; Weber, P.K.; Pett-Ridge, J. Tracking microbial interactions with NanoSIMS. Curr 1050 
Opin Biotechnol 2016, 41, 114-121, doi:10.1016/j.copbio.2016.06.007. 1051 

179. Watrous, J.D.; Alexandrov, T.; Dorrestein, P.C. The evolving field of imaging mass spectrometry and 1052 
its impact on future biological research. J Mass Spectrom 2011, 46, 209-222, doi:10.1002/jms.1876. 1053 

 1054 

 1055 

 

© 2019 by the authors. Submitted for possible open access publication under the terms 
and conditions of the Creative Commons Attribution (CC BY) license 
(http://creativecommons.org/licenses/by/4.0/). 


