
Streptomyces spp. as biocontrol agents against Fusarium species

Giovanni Bubici

Address: Istituto per la Protezione Sostenibile delle Piante (IPSP), Consiglio Nazionale delle Ricerche (CNR), via Amendola 165/A,
70126 Bari, Italy.

Correspondence: Giovanni Bubici. Email: giovanninicola.bubici@cnr.it

Received: 5 August 2018
Accepted: 15 October 2018

doi: 10.1079/PAVSNNR201813050

The electronic version of this article is the definitive one. It is located here: http://www.cabi.org/cabreviews

© CAB International 2018 (Online ISSN 1749-8848)

Abstract

Streptomycetes are the largest taxon of antibiotic producers in the microbial world. Nevertheless,
they are less studied than other biocontrol agents against Fusarium diseases and, perhaps, plant
diseases in general. Plant diseases incited by Fusarium species are notably challenging. Four species
complexes in the genus are pathogenic: Fusarium fujikuroi, F. graminearum, F. solani and F. oxysporum.
Being a vascular pathogen, F. oxysporum is particularly difficult to control by using microbial
antagonists. Most research has remained at early experimental stages, and only few Streptomyces spp.
strains have been assayed under diverse conditions. Few commercial products consisting of
Streptomyces spp. have often provided fluctuating results across trials. Five biocontrol trials
conducted in the field using streptomycetes report reductions of diverse Fusarium wilts by 0–55%,
with one case (cucumber) of yield increase by 1.3-fold. Among 38 articles dealing with pot-
experiments, 16 report a disease control level above 50%, seven of which with a level above 70%. The
chitinolytic activity of Streptomyces spp. strains plays an important role in the biocontrol of Fusarium
diseases, and the plant growth promotion trait is a cherished outcome. More attention is being paid
to strains endophytic, producing volatile organic compounds, or to the identification of antibiotics
and metabolites responsible for the biocontrol. Bioformulation is a critical point in the use of
biocontrol agents, but it has been still poorly considered in the experiments. The biocontrol efficacy
of well-designed streptomycete consortia or the so-called microbial synthetic communities, possibly
in proper bioformulations, and the role of streptomycetes in the reduction of mycotoxins in the
grains are aspects that would merit further investigation in the future.

Keywords: Streptomyces spp., Fusarium oxysporum, Fusarium wilt, Streptomycetes, Biological control,
Plant vascular disease

Review Methodology: I searched the databases Web of Science, PubMed and CAB Abstracts using the following search terms:
‘Streptomyces’ or ‘Streptomycetes’ or Actinomycetes’ in the abstract, along with ‘Fusarium’ in the title. In addition, I used the references
from the articles obtained by this method to check for additional relevant material.

Diseases Incited by Fusarium Species

The ascomycete Fusarium genus contains many agronomi-
cally important plant pathogens, mycotoxin producers, and
opportunistic human pathogens. It is estimated to comprise
at least 300 genealogically distinct phylogenetic species,
with fewer than half being formally described [1]. Four out
of 20 species complexes in the Fusarium phylogenetic clade,
diverged in the middle Cretaceous 91.3 million years ago
[2], account for most of the known plant pathogens in the

genus Fusarium [1]. The F. fujikuroi species complex includes
causal agents of Bakanae of rice, ear rot of maize and pitch
canker of pine. The F. graminearum species complex
includes species causing Fusarium head blight of wheat
and barley. The F. solani species complex causes foot and
root rots. Finally, the Fusarium oxysporum species complex
is an outstanding example of host-specialization, as it
comprises more than 100 formae speciales causing vascular
wilt diseases of economically important crops worldwide
[1]. Both F. fujikuroi and F. graminearum species complexes

CAB Reviews 2018 13, No. 050

http://www.cabi.org/cabreviews

mailto:giovanninicola.bubici@cnr.it


can also contaminate grains with mycotoxins such as
fumonisin, zearalenone and trichothecene, which have
important implications for human health as well as animal
health, welfare and productivity [3, 4]. The economic
impact of mycotoxins includes loss of human and animal
life, increased health care and veterinary care costs,
reduced livestock production, and disposal of contaminated
foods and feeds [5, 6]. Exposure to mycotoxins is mainly by
ingestion of contaminated food, but it may also occur by the
dermal and inhalation routes [7].
Several resistance genes have been found against

F. oxysporum [8], but in crops where they are lacking
an integrated management is practiced [9]. Numerous
biocontrol agents have been studied against Fusarium wilts,
including Pseudomonas spp., Bacillus spp. [10], nonpatho-
genic Fusarium strains (e.g. Fo47) [11, 12] and a number of
other bacterial and fungal strains [13].

Why Streptomyces spp.?

Streptomycetes are Gram positive, filamentous bacteria in
the Streptomycetaceae family (Phylum Actinobacteria, Order
Actinomycetales), with the genus Streptomyces as the sole
member and more than 500 species [14, 15]. They are
widely distributed in soil (nearly 40% of soil bacteria) and
rhizosphere [16, 17], where they form very dynamic
assemblies [16], but they also colonize water and a
variety of other natural environments. Streptomycetes
have a major role in biodegradation of relatively complex
and recalcitrant plant and animal residues, including
polysaccharides (e.g. starch, pectin and chitin), proteins
(e.g. keratin and elastine), lignocellulose and aromatic
compounds. Compared with Gram-negative bacteria,
streptomycetes play only a minor role as plant pathogens
(e.g. Streptomyces scabies, causing potato scab) or animal
and human pathogens (some strains of S. somaliensis,
S. griseus and few other species, causing mycetomas) [15].
Nearly two-thirds of naturally occurring antibiotics are

produced by streptomycetes. Around 7600 out of 43 000
biologically active secondary metabolites have been charac-
terized so far, and about 100 000 antibiotic molecules of
pharmaceutical and agricultural importance are estimated
to be produced by the genus Streptomyces [18, 19]. More
than 50% of clinical-useful antibiotics are derived from
Streptomyces spp. They also produce a wide variety of
bioactive secondary metabolites, such as antifungal, anti-
viral, antitumour, anti-hypertensive and immunosuppres-
sant molecules [20, 21]. Finally, streptomycetes have an
exceptionally large number of hydrolytic enzymes enabling
them to interact with others in the environment [22]. Such
plethora of enzymes, antibiotics and secondary metabolites
make them formidable competitors in natural environ-
ments as well as very attractive organisms for biotechno-
logical purposes [23].
Few Streptomyces species are known pathogens of plants

(scab-causing streptomycetes) and humans (S. somaliensis

and S. sudanensis), but in many cases they are beneficial for
insects, plants and marine animals. Recently, more attention
has been paid to streptomycetes as beneficial endophytes
of plants, fungi and animals [24].
Taken together, all these biological features suggest

Streptomyces spp. as excellent candidates for developing
biological control agents. Nevertheless, only very few
commercial products are registered as plant protection
products: S. griseoviridis K61 (Mycostop®, Finland), S. lydicus
WYEC 108 (Actinovate®, Micro108®, Action Iron®, USA)
and S. saraceticus KH400 (YAN TEN S. saraceticus, Taiwan).
However, this may also be due to the fact that many strains
are commercialized as plant strengthener or under similar
definitions in organic matrixes.

Literature Overview

To the best of my knowledge, the earliest report dealing
with a Fusarium disease control by streptomycetes dates
back to 1953, when Skinner demonstrated the inhibition of
F. culmorum by S. albidoflavus in soil amended with small
amounts of readily available carbohydrates [25]. One year
later, the same author found that clays and soil suspensions
or extracts inactivated an antibiotic present in culture
filtrates of S. albidoflavus [26].
Since then, much advance has been done about

Streptomyces spp. [23, 27] and their biocontrol activity. In
the last decade, there has been an increasing interest of
research in the control of Fusarium-induced diseases by
harnessing streptomycetes. In fact, of 244 articles indexed
on this topic by the CAB Abstracts database since 1970,
about one-half has been published in the last 10 years. Many
articles, supposed to have an international relevance
because written in English, come mainly from USA and
India, while others with a national impact have been
produced in China. Nevertheless, streptomycetes as
biocontrol agents against Fusarium diseases, or plant
diseases in general, have been studied less than other
important taxa such as Trichoderma spp. (950 articles
searched with the same strategy), Bacillus spp. (610 articles)
and Pseudomonas spp. (510 articles), while Glomus spp., for
example, ranks lower (114 articles). Apparently, this
sounds strange if we think that streptomycetes are the
largest antibiotic producers in the microbial world [21–23].
However, this evidence is also reported by Raza et al. [28],
who reviewed the microbial genera evaluated for the
biological control of Fusarium wilts of cucumber, banana,
and tomato since 2000.
In 45 articles retrieved from the literature and dealing

with the biocontrol of Fusarium diseases using streptomy-
cetes, at least 34 formally identified Streptomyces species
have been evaluated for the control of five pathogenic
Fusarium species and 12 F. oxysporum formae speciales in
17 plant species, being tomato, cucumber, wheat and
watermelon the most studied (Table 1).

2 CAB Reviews

http://www.cabi.org/cabreviews



Table 1. List of literature dealing with biocontrol trials using Streptomyces spp. against Fusarium diseases conducted under field, commercial greenhouse or pot conditions

Biocontrol agents Application Target pathogen Host plant
Experimental
conditions

Best disease
reduction

Best fold-change
of plant growth
promotion or
yield
increase Reference

S. tsusimaensis CAI-24,
S. caviscabies CAI-121, S. setonii
CAI-127, S. africanus KAI-32 and
Streptomyces sp. KAI-90

Seed bacterization or
culture filtrate

F. oxysporum f. sp.
ciceris

Chickpea Pot and field 76% (pot),
19% (field)

[29]

S. albospinus CT205 Spore suspension or
organic fertilizer
enriched with
T. harzianum
SQR-T037

F. oxysporum Cucumber Pot and field 70% (pot),
55% (field)

1.3 (yield in
the field)

[30]

S. griseorubens E44G Spore suspension or
culture filtrate

F. oxysporum f. sp.
lycopersici

Tomato Field 50% 2 [31]

S. lydicus WYEC 108 (Actinovate®) Formulated spore
suspension

F. oxysporum f. sp.
niveum

Watermelon Field 0 [32]

S. kurssanovii RCM Ac-1504 D Crystalline crab chitin F. culmorum Wheat Field [33]
S. griseoviridis K61 (Mycostop®) Formulated spore

suspension with or
without soil
solarization

F. oxysporum f. sp.
radicis-lycopersici

Tomato Greenhouse [34]

S. griseoviridis K61 (Mycostop®) Formulated spore
suspension with
filtration and UV
treatment of irrigation
water

F. oxysporum f. sp.
chrysanthemi

Gerbera Soilless
greenhouse

[35]

S. miharaensis filipin III (purified
antibiotic)

F. oxysporum f. sp.
lycopersici

Tomato Pot 100% [36]

S. corchorusii and/or S. mutabilis with
pendimethalin or metribuzin

Spore and hyphae
suspension

F. oxysporum f. sp.
lycopersici

Tomato Pot 100% [37]

S. griseoviridis K61 (Mycostop®) Formulated spore
suspension

F. oxysporumf. sp.
radicis-cucumerinum

Cucumber Rock wool
blocks

96% [38]

S. roseodiastaticus # 8, S. erumpens
# 11, S. aurantiacus # 42 and
S. rameus # 59

Oat bran with or without
a commercial
seaweed extract

F. oxysporum f. sp.
lycopersici

Tomato Pot 88% 7.5 [39]

Streptomyces sp. CB-75 Fermentation broth with
spores

F. oxysporum f. sp.
cubense race 4

Banana Pot 83% 4.5 [40]

S. psammoticus KP1404 Purified strevertenes A
and B

F. oxysporum f. sp.
lycopersici

Tomato Pot 78% [41]

Streptomyces spp. Seed bacterization F. culmorum Barley Pot 76% [42]
Streptomyces sp. 385 with
Paenibacillus Pb300 at different ratio

Spore suspension F. oxysporum f. sp.
cucumerinum

Cucumber Pot 71% [43]

S. thermocarboxydus GYRRK Culture filtrate F. oxysporum Aloe vera Pot 68% [44]
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Table 1. (Continued)

Biocontrol agents Application Target pathogen Host plant
Experimental
conditions

Best disease
reduction

Best fold-change
of plant growth
promotion or
yield
increase Reference

S. bikiniensis HD-087 Seed bacterization or
culture filtrate

F. oxysporum f. sp.
cucumerinum

Cucumber Pot 68% 0 [45]

S. goshikiensis YCXU Organic fertilizer F. oxysporum f. sp.
niveum

Watermelon Pot 67% 8 [46]

Streptomyces spp. DAUFPE 11470
and DAUFPE 14632

Spore suspension F. moniliforme Maize Pot 62% [47]

Streptomyces spp. Spore suspension F. oxysporum f. sp.
cubense race 4

Banana Pot 60% 1.9 [48]

S. spectabilis QLP12 or other two
Streptomyces spp. strains

Solid fermentation
substrate combined
with F. oxysporum
Fo47

F. oxysporum f. sp.
niveum

Watermelon Pot 59% 1.8 [49]

Streptomyces sp. KS62 or other four
strains

Seed bacterization F. oxysporum f. sp.
ciceris

Chickpea Pot 55% 1.5 [50]

S. bikiniensis HD-087 Fermentation broth F. oxysporum Cucumber Pot 54% [51]
S. spectabilis QLP12 or other two
Streptomyces spp. strains

Solid fermentation
substrate combined
with F. oxysporum
Fo47

F. oxysporum f. sp.
vasinfectum

Cotton Pot 52% 2 [49]

Streptomyces sp. G10 Spore suspension F. oxysporum f. sp.
cubense race 4

Banana Pot 47% 0 [52]

S. roseochromogenus K5 Spore suspension F. oxysporum f. sp.
vasinfectum

Cotton Pot 47% [53]

Streptomyces sp. S96 Spore suspension F. oxysporum f. sp.
cubense race 4

Banana Pot 46% 1.6 [54]

Streptomyces spp. NSP2 Spore suspension F. oxysporum f. sp.
capsici

Chili pepper Pot 44% [55]

Streptomyces sp. BN1 Spray F. graminearum Wheat Pot 40% 0 [56]
S. fulvoviolaceus Corn grain F. oxysporum Tomato Pot 33% 1.6 [57]
S. rimosus M527 Fermentation broth F. oxysporum f. sp.

cucumerinum
Cucumber Pot 30% 1.1 [58]

S. rochei ACTA1551 Seed bacterization F. oxysporum f. sp.
lycopersici

Tomato Pot 30% 1.5 [59]

S. griseoviridis K61 (Mycostop®) Formulated spore
suspension or seed
bacterization

F. oxysporum f. sp.
basilici

Basil Pot 26% [60]

S. griseoviridis K61 (Mycostop®) Formulated spore
suspension

Fusarium spp. Douglas-fir Pot 16% [61]

S. asterosporus SNL2 or other two
Streptomyces sp. strains

Seed bacterization F. oxysporum f. sp.
radicis lycopersici

Tomato Pot 13% 2 [62]
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The Streptomyces species assayed in planta include:
S. africanus, S. albospinus, S. antibioticus, S. asterosporus,
S. aurantiacus, S. bikiniensis, S. caviscabies, S. chibaensis,
S. corchorusii, S. erumpens, S. flavofuscus, S. fulvoviolaceus,
S. goshikiensis, S. griseorubens, S. griseoviridis K61
(the commercial product Mycostop), S. griseus var. auto-
trophicus, S. kasugaensis, S. kurssanovii, S. luteogriseus, S. lydicus
WYEC 108 (the commercial product Actinovate),
S. miharaensis, S. mutabilis, S. olivaceus, S. peruviensis,
S. rameus, S. rimosus, S. rochei, S. roseochromogenus,
S. roseodiastaticus, S. setonii, S. spectabilis, S. spororaveus,
S. thermocarboxydus and S. tsusimaensis. However, a so high
number of species, nearly corresponding to the number of
strains tested (identified based on the 16S-rDNA sequence),
might be over-estimated because the streptomycetes tax-
onomy remains somewhat confused, and a conclusive
definition of species is still unresolved [14, 74].
The Fusarium species include: F. culmorum,

F. graminearum, F. fujikuroi (formerly F. moniliforme var.
subglutinans or F. verticillioides), F. solani f. sp. pisi, F. udum and
F. oxysporum with its formae speciales asparagi, basilici,
capsici, ciceris, cubense, cucumerinum, lycopersici, melonis,
niveum, radicis-cucumerinum, radicis-lycopersici and vasinfec-
tum (Table 1).
In addition, other five Streptomyces species (S. alboflavus,

S. hygroscopicus, S. plicatus, S. tendae and S. violaceusniger)
have been assayed solely in vitro against four additional
Fusarium species [F. avenaceum, F. equiseti, F. roseum
(formerly F. sambucinum) and F. solani] (Table 2). About
two dozens of Streptomyces spp. strains have also been
tested in planta and in vitro.
The overall magnitude of disease reduction has been

31 ± 26% in field trials (mean ± 95% confidence interval)
and 57 ± 9% under controlled conditions, with a plant
growth promotion of 2.1 ± 1.1-fold (Figure 1).

Field Trials with Commercial Products Containing
Streptomyces spp.

The commercial products containing S. lydicus WYEC 108
(Actinovate® SP, Actinovate® AG, Novozymes BioAg Inc.,
Wisconsin, USA) and especially that containing
S. griseoviridis K61 (Mycostop®, Verdera, Finland) have
been repeatedly evaluated for the control of several
soil-borne diseases, including Fusarium wilts, but they
were often characterized by fluctuating results (Table 1).
Both these bio-fungicides are registered for the use as seed
treatment, soil drench and foliar spray, and their manu-
facturer’s labels report very wide target pathogen ranges.
At two locations in 2010, the application protocol of

Actinovate® recommended by the manufacturer signifi-
cantly increased marketable watermelon yield in field plots
inoculated with F. oxysporum f. sp. niveum compared with
untreated plots, inoculated or not with the pathogen [32].
Two years later, however, this result was not confirmed,
and no significant biocontrol was observed [71].S
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Mycostop® was effective against F. oxysporum f. sp.
lycopersici in two of four independent trials, and soil
spraying with 107 CFU/m2 was surprisingly more effective
(60% disease reduction) than soil drench (50%) with
5 × 106 CFU/m2 to control tomato wilt.
The bacterial antagonist was not effective against

F. oxysporum f. sp. radicis-lycopersici. Possible additive
effects in the biocontrol and tomato yield increase were
detected when Mycostop® was combined with soil

solarization, though most effects did not result statistically
significant [34].
Rose et al. [38] experienced a significant biocontrol of

F. oxysporum f. sp. radicis-cucumerinum using Mycostop® in
two out of three trials.
In Douglas fir (Pseudotsuga menziesii var. glauca),

Mycostop® was not effective in the control of
F. oxysporum, F. proliferatum and F. sporotrichioides. Also, it
had a synergistic negative effect with Fusarium against plant
emergence. Mycostop®, however, reduced by 16% the
number of seedlings infected by Fusarium spp., but within
infected plants the proportion of seedlings infected by
and F. oxysporum and especially by F. proliferatum was
significantly increased by 40% [61].
The integration of Mycostop® with slow sand filtration

and a nutrient solution pH higher than 6.0 induced a
significant reduction of F. oxysporum f. sp. chrysanthemi
infections in gerbera plants grown in closed soilless
systems [35].
This product increased the percentage of healthy plants

by 2–26% under F. oxysporum f. sp. basilici pressure, though
a statistically significant protection occurred only in one of
four trials [60]. Mycostop® was also effective against
F. oxysporum f. sp. lycopersici in one of two independent
trials, but ineffective substantially ineffective against
F. oxysporum f. sp. radicis-lycopersici [34]. Its applications
combined with slow sand filtration were effective in
reducing F. oxysporum f. sp. chrysanthemi propagules in a
closed soilless system where gerbera plants were grown
[35]. Based on several trials in diverse pathosystems,

Table 2. List of literature dealing with the antagonistic activities of Streptomyces spp. against Fusarium species in vitro

Biocontrol agents Application Target pathogen Host plant Reference

S. hygroscopicus Seed coating F. avenaceum Winter rye and red clover [75]
Actinomycetes F. equiseti [76]
S. alboflavus TD-1 F. moniliforme [77]
S. tendae HS5 F. oxysporum [78]
Streptomyces sp. EN27 Spore suspension F. oxysporum Arabidopsis thaliana [79]
S. griseorubiginosus-like F. oxysporum f. sp. cubense [80]
S. violaceusniger G10 F. oxysporum f. sp. cubense

race 4
[81]

S. griseus Spore suspension
or kaolin/alginate
formulations

F. oxysporum f. sp. cubense
tropical race 4

[82]

S. griseus F. oxysporum f. sp. cubense
tropical race 4

[83]

S. griseorubens E44G F. oxysporum f. sp. lycopersici [84]
Streptomyces spp. F. oxysporum f. sp. lycopersici [85]
Streptomyces spp. F. oxysporum f. sp. lycopersici [86]
S. griseus MTCC-*4734 F. oxysporum f. sp. lycopersici [87]
Actinomycetes F. oxysporum f. sp. lycopersici,

F. solani, F. moniliforme
[88]

Streptomyces sp. C-1 F. sambucinum [89]
S. griseus NCRRT F. solani [90]
S. plicatus and other
Streptomyces spp.

F. solani [91]

Streptomyces sp. F. subglutinans [92]
Streptomyces spp. F. verticillioides [93]
Marmoricola sp. MIM116 Spray Fusarium spp. Wheat and barley grains [94]

Figure 1. Data of the maximum Fusarium wilt control
efficacy obtained in 28 pot experiments and four field trials
using Streptomyces spp. strains. The maximum plant growth
promotion effect is referred to 18 pot experiments. Data are
reported in Table 1.
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however, the authors concluded that biocontrol agents
such as Streptomyces spp., Trichoderma spp. and Fusarium
sp., integrated with other control means may represent
an efficient alternative to the methyl bromide use in closed
soilless cultivation systems [95].

Examples of Biocontrol in the Field Using
Experimental Strains

Out of 45 articles recovered from the literature, only eight
deal with field or commercial greenhouse trials, whereas
the remaining report pot-experiments (Table 1).
In a field trial, applications of S. albospinus CT205 spore

suspensions reduced the incidence of Fusarium wilt of
cucumber (F. oxysporum f. sp. cucumerinum) by 22% and
plant death by 33%, with a concomitant 1.3-fold increase of
cucumbers yield. If vectored into the soil within an organic
fertilizer enriched with T. harzianum SQR-T037,
S. albospinus CT205 determined higher disease control
(55% incidence reduction and 63% plant death reduction)
and yield (1.4). The treatment also significantly reduced
the numbers of Fusarium colony forming units and
improved the microbial community structure in the
cucumber rhizosphere. S. albospinus CT205 was previously
selected for the high levels of chitinase, β-glucanase
and heat-resistant antagonistic substances, and provided
a disease reduction up to 70% under greenhouse con-
ditions [30].
Control levels ranging from 4 to 19% were obtained

against F. oxysporum f. sp. ciceris using five Streptomyces spp.
strains (CAI-24, CAI-121, CAI-127, KAI-32 and KAI-90)
isolated from herbal vermicomposts. The best results were
obtained with bacterial culture filtrates applied as soil
drench. On the other hand, in a previous greenhouse
experiment of the same research, seed bacterization was
superior to soil drench and determined up to 76%
Fusarium wilt control [29].
Drenches with cell-free culture filtrate or spore suspen-

sion of S. griseorubens E44G increased yield of tomato by
2- or 1.7-fold, respectively, compared with the control
inoculated with F. oxysporum f. sp. lycopersici. The same
treatments reduced the disease index to 1 or 2, respect-
ively, while the score was 4 on the inoculated control [31].
The chitinolytic activity of S. griseorubens E44G was
demonstrated and a thermostable chitinase enzyme of
45 kDa was purified using gel filtration chromatography
[31, 84].
Preparations produced by cultivation of S. kurssanovii

RCM Ac-1504 D on a medium containing crystalline crab
chitin were proved to be an efficient treatment against
F. culmorum in wheat [33].
It should be noted that most streptomycetes used

in those field trials, after an obvious preliminary selection
for their antagonistic activity (in vitro antibiosis), were
characterized by a chitinolytic activity and a plant growth
promoting effect. Successful applications were not only

the simple drench with spore suspension, but they
also included the drench with cell-free culture filtrate
(containing the bacterial metabolites) and the use of
an organic amendments or a chitin-based medium as
carrier.

The Most Successful Biocontrol Experiments
Under Controlled Conditions

Among 38 articles dealing with pot-experiments, 16 report
a disease control level (disease reduction) above 50%, seven
of which with a level above 70% (Table 1). A total of
15 articles document a plant growth promotion activity by
Streptomyces spp. strains.
In three research work, it was demonstrated a complete

suppression of F. oxysporum f. sp. lycopersici in tomato. Seed
bacterization with S. miharaensis KPE62302H determined a
Fusarium wilt reduction of 60 or 80% in two independent
experiments. A purified antibiotic namely FP-1 and
identified as filipin III was effective in inhibiting Fusarium
wilt of tomato at 10 μg/ml, with no phytotoxicity effects
even at 500 μg/ml [36]. The same research team isolated
strevertenes A and B from S. psammoticus KP1404 and
demonstrated a nearly complete suppression of tomato
Fusarium wilt following their application [41]. Applications
of S. corchorusii culture suspension combined with the
herbicides pendimethalin or metribuzin, each 2 × 10−3 M,
suppressed completely tomato Fusarium wilt and reduced
drastically or hindered plant tissue colonization by the
pathogen. The same results were obtained if the treatment
was combined with a culture suspension of S. mutabilis and
assayed concurrently against Fusarium wilt and bacterial
wilt (Pseudomonas solanacearum) of tomato [37].
At least two other good results were obtained against

Fusarium wilt of tomato. Soil incorporation of oat bran
colonized with S. roseodiastaticus # 8, S. erumpens # 11,
S. aurantiacus # 42 and S. rameus # 59 two weeks after the
pathogen-inoculation resulted in a 70% disease reduction, a
level higher than that obtained with the strains inoculated
separately. The treatment doubled the microbial activity in
the soil and increased plant biometric parameters in the
range of 2.4–6-fold changes, compared with untreated,
pathogen-inoculated control. When the treatment was
combined with the application of a commercial seaweed
extract, the disease control level reached 88%, and plant
growth was increased by 2.4–6-fold, with an extraordinary
peak of 7.5-fold increase in shoot dry weight (31.3 g in
treated plants, compared with 4.16 g in untreated,
pathogen-inoculated control) [39]. Drench with spore
suspension of S. flavofuscus CPP-53 1 week after pathogen
inoculation provided an evident visible protection from
Fusarium wilt and growth promotion, although no data
were presented [69].
Application of Mycostop® to cavity of rock wool blocks

inoculated 24 h later with F. oxysporum f. sp. radicis-
cucumerinum and planted with cucumber reduced the
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percentage of diseased plants by 30%, though without a
statistical significance support. Under semi-commercial
propagation conditions, the application of Mycostop®

48 h prior to pathogen-inoculation resulted in a significant
reduction of disease severity index by 75 or 96% in
two independent trials. Other biocontrol agents and
amendments were also tested. Among them, the
addition of chitin (4%, vol./vol.) to a peat-based medium
significantly enhanced cucumber seedling growth and
reduced the pathogen population in the soil, but the
disease severity increased. A greenhouse compost was
significantly more suppressive than the other two com-
posts, and the suppression was partially eliminated by
sterilization [38].
A streptomycete strain isolated from banana rhizosphere

and identified as Streptomyces sp. CB-75 (though with a
99.93% sequence similarity with S. spectabilis) was very
effective against Panama disease, as provided an 83%
control efficacy and increments by 72–82% or 113–195%
in the fresh or dry weights, respectively, of shoots and
roots. Such results were obtained once CB-75 was
inoculated as fermentation broth including living spores,
and interestingly were superior to those obtained with the
fermentation broth deprived from the spores (e.g. 10%
disease control efficacy). The crude extract of Streptomyces
sp. CB-75 caused deformation, shrinkage, collapse, and
tortuosity in pathogenic fungi when observed by
scanning electron microscopy. Among 18 chemical con-
stituents identified in the CB-75’s crude extract by gas
chromatography-mass spectrometry (GC-MS), (Z )-13-
docosenamide was the major constituent [40].
On barley, seed treatment significantly reduced the

occurrence of F. culmorum symptoms on seedlings.
Amongst six streptomycetes, the strains TW3, RI3 and
TW2, related to S. gancidicus and S. pseudogriseolus, showed
the best performances with 76, 65 and 62% disease
reduction, respectively. The disease severity on treated
plants was 0.4, 0.8 and 0.9, respectively, compared with a
value of 17 on the control. A negative effect on barley
plant emergence was detected, and it consisted of a
30% reduction with the RI3 strain. When uninoculated
seeds were treated with RI3, only 63% seeds emerged
(95.7% in the control) and a 30% reduction in seedling
weight and length was observed. Such negative effects were
ascribed by the authors to the ability of some strepto-
mycetes to produce phytotoxic metabolites with a
herbicidal property [42].
In the abovementioned experiments, it can be noted the

use of fermentation broth, purified metabolites, the use of
seed bacterization as application method, the treatment
prior to pathogen inoculation rather than the concurrent
inoculation of antagonist and pathogen, and the combi-
nation with an organic fertilizer like a seaweed extract.
Unlike the articles dealing with field experiments, in these
research works the chitinolytic and plant growth promot-
ing activities of Streptomyces spp. strains were not
investigated.

Reduction of Mycotoxins in the Grains

Only two examples of mycotoxin reduction in the grains
have been reported in the literature.
The inoculation of Marmoricola sp. MIM116 cell suspen-

sion into 1000 kernels of wheat and barley resulted in
a deoxynivalenol decrease from approximately 3 mg/kg
to <1 mg/kg [94]. Some organic amendments reduced
fumonisin FB1 and FB2 levels by 69 and 93%, respectively.
A number of Streptomyces spp. strains isolated from those
amendments were antagonistic against F. verticillioides
(currently denoted F. fujikuroi). In vitro, the best
Streptomyces spp. strains decreased the FB1 and FB2
amounts by 88 and 98%, respectively [93].
Both these studies are extremely interesting if we

consider that a meta-analysis revealed a mean expected
control of deoxynivalenol by tebuconazole equal to
21.6% [96].

Role of Streptomycetes in the
Fusarium-Suppressive Soils

A soil is referred to as disease-suppressive if a plant
pathogen does not establish or persist, if a pathogen
establishes but causes little or no disease, or if a pathogen
causes disease only in a limited time period after its
establishment. Suppressive soils are often surrounded by
conducive soils, with which they share the same climatic
conditions and agronomic management [97–100]. Disease
suppressiveness may develop because of certain crop
rotations, as documented for Rhizoctonia-induced diseases
[100–105], or after years of severe disease under continu-
ous monoculture, as for Fusarium wilt of strawberry [106]
or Fusarium wilt (F. oxysporum) and take-all of wheat
(Gaeumannomyces graminis var. tritici) [100].
In a given soil, biotic factors such as a higher microbial

diversity or particular compositions of the microbiota
are amongst the key factors contributing to the soil
suppressiveness, and in turn the microbiota populations
(including streptomycetes) and their pathogen-antagonistic
members are structured by the cropping history and soil
management [98, 99, 107–111]. In early studies, disease
suppressiveness was partly attributed to populations of
fluorescent Pseudomonas spp. or non-pathogenic Fusarium
spp. [100, 112], but recently the role of streptomycetes has
emerged, as demonstrated by the case of Streptomyces spp.
secreting lantipeptides in strawberry rhizosphere [106].
Streptomyces spp. populations associated with naturally
occurring suppressive soils have been found generally
more abundant, compared with conducive soils, and
characterized by a higher antagonistic:saprophytic strains
ratio [107, 113]. The population of Streptomyces spp., as
well as Pseudomonas spp., carrying the non-ribosomal
peptide synthetase gene, was related to the soil suppres-
siveness to Panama disease with an impact on disease
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incidence more significant than the total bacterial commu-
nity and chemical properties of soil [114].
Besides its natural occurrence, the disease suppressive-

ness in soil has been induced using certain agronomic
practices such as green manuring. The incorporation of
green manures has been shown to increase the density and
diversity of soil microbiota, including streptomycetes
[115, 116]. Streptomyces spp. population increased after
manuring with sorghum-sudangrass hybrid or common
buckwheat, and reduced the F. graminearum survival on
wheat residues, which is a key factor for Fusarium head
blight epidemics [117]. Also following the incorporation
of Brassica juncea seed meal, streptomycetes increased
in the soil though the total bacterial population density
decreased. Such treatment completely suppressed
Fusarium wilt of pepper [118]. A higher density of
actinomycetes along with those of Trichoderma, Aspergillus
and Pseudomonas were observed after the applications of
three on-farm green composts, which determined on
average a 25% reduction of Fusarium wilts of melon,
tomato and basil [119].

Mechanisms Underlying the Biocontrol

Chitinolytic activity

Streptomycetes play an important role in the decompo-
sition of various biopolymers, such as lignin, cellulose,
starch, xylan (hemicellulose), pectin (polygalacturonic acid)
and chitin. Ecologically, streptomycetes have key roles in
the natural recycling of the globally abundant cell walls of
fungi and plants. The widespread ability of streptomycetes
to degrade chitin has attracted the attention of plant
pathologists because it is a component of the fungal cell wall
(as well as of the exoskeleton of crustaceans and
arthropods). Colloidal chitin is even used for semi-selective
isolation of streptomycetes [15, 22].
For this reason, chitinolytic Streptomyces spp. strains have

been widely studied for the Fusarium biocontrol. Some of
those studies are already described here as examples of
good Fusarium biocontrol [30, 31, 33, 42, 84], but others
are also worthy of description.
Chitinase and β-1,3-glucanase activity was investigated in

Paenibacillus sp. 300 and Streptomyces sp. 385, which
provided a 71 or 64% reduction of Fusarium wilt incidence
in cucumber once added to the potting medium in 1:1 or
4:1 mixture, respectively [43]. S. goshikiensis YCXU, a strain
producing catalase, β-1,3-glucanase, chitinase, urease, anti-
fungal diffusible and volatile organic compounds, decreased
by 67% Fusarium wilt of watermelon when vectored by an
organic fertilizer. The treatment also reduced by 89% the
pathogen population in soil and decreased the stress
indicator enzymes and malondialdehyde content by 55–70
and 62%, respectively. Significant variations in the soil fungal
and bacterial community structures following the treat-
ments were also observed [46].

A crude and a partially purified chitinase enzyme
of S. griseus were as effective as the dipping into
spore suspension against Fusarium wilt of tomato
(50–60%) [120].
Other works involved Streptomyces sp. KS62 or other

four strains against Fusarium wilt of chickpea (55% disease
reduction and 1.5-fold plant growth promotion) [50], and
S. asterosporus SNL2 or other two Streptomyces sp. strains
against Fusarium wilt of tomato (13% disease reduction and
2-fold plant growth promotion) [62]. Finally, some studies
were conducted solely in vitro for the characterization of
strains of S. griseus [83, 87] and S. tendae [78] (Table 2).

Endophytic trait

The concept of Streptomyces spp. as symbionts of plant
has been recently considered with much more attention
[17, 24, 121, 122]. Cao et al. [80] isolated actinomycetes
from banana plants, and found that most of them were
close to S. griseorubiginosus. The community diversity
was higher in wilting than in healthy leaves, whereas
similar actinomycete communities were found in wilting
and healthy roots. On the other hand, the proportion
of streptomycetes antagonists of F. oxysporum f. sp. cubense
in healthy roots was higher than that in wilting roots,
but no difference was found between antagonistic strains
isolated from healthy and wilting leaves [80]. One year later,
the same research team demonstrated the efficacy of
Streptomyces sp. S96, an endophytic and siderophore-
producing strain, in the control of Panama disease
(F. oxysporum f. sp. cubense) and in the growth increase of
banana plants [54]. Actinomycetes were found as a
predominant taxon in the endophytic microbiome of
banana plants. Although the metagenomics revealed
Mycobacterium and Nocardia as dominant genera in banana
shoots, only streptomycetes were isolated, probably due to
likely because of an isolation procedure-related bias.
However, those streptomycetes reduced Panama
disease by 60% and increased the banana plant growth by
1.9-fold [48].
Endophytic, 1-aminocyclopropane-1-carboxylate (ACC)

deaminase-producing actinomycetes were found to be
significantly more effective in reducing the incidence and
severity of tomato wilt disease under greenhouse con-
ditions compared with ACC deaminase-non-producing
isolates. The application of ACC deaminase-producing iso-
lates resulted in the reduction of the endogenous levels of
ACC, the immediate precursor of ethylene, in both roots
and shoots and increased plant growth compared with
isolates that did not produce the ACC deaminase [70].

Volatile organic compounds

Volatile organic compounds are known to be involved
in the biocontrol as well as in the interactions between
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plants, pathogen/pests and beneficial microbes [123].
Streptomycetes produce volatile organic compounds [17,
124], but they are still scarcely characterized in the
interaction with Fusarium spp.
Amini et al. [50] found that volatile compounds were less

effective on mycelial growth inhibition (20.2–33.4% of
F. oxysporum f. sp. ciceris growth inhibition) than non-volatile
extracts of five Streptomyces strains (50% inhibition).
The mycelial growth, sporulation, spore germination

and membrane permeability of F. moniliforme (currently
re-classified as F. fujikuroi) were significantly compromised
by the S. alboflavus TD-1 volatiles. A GC-MS analysis
revealed 31 volatile compounds produced by S. alboflavus
TD-1, and one of them, 2-methylisoborneol, exhibited a
fumigant activity against F. moniliforme [77].

Plant resistance induction

The literature dealing with the induction of resistance in
plants mediated by biocontrol agents is huge [17, 125].
However, this important aspect has been poorly investi-
gated in Streptomyces spp. controlling Fusarium wilts.
Using a fine molecular approach, it was demonstrated

that the resistance to F. oxysporum mediated by the
endophytic strain Streptomyces sp. EN27 involved primarily
the systemic acquired resistance pathway, since it occurred
via an NPR1-dependent manner and required salicylic
acid, while it was jasmonate/ethylene independent [126].
Later, with a proteomics approach (two-dimensional
difference gel electrophoresis or DIGE), proteins
induced by F. oxysporum and Streptomyces sp. EN27 were
isolated, and grouped into functions of defense-related,
cell redox and metabolism after LC-MS/MS analysis.
Quantitative polymerase chain reaction analysis showed
that Streptomyces sp. EN27-mediated defense resulted
in increased expression of LLP and Hel. The strepto-
mycete suppressed jasmonate signalling, known to
induce the pathogen-mediated early leaf chlorosis and
senescence [79].
In Lupinus termis seeds, S. chibaensis was proved to

increase peroxidase and catalase and to induce three
novel proteins, with molecular masses of 27, 32.9 and
24 kDa [64].
The fermentation broth of S. bikiniensis HD-087 sup-

pressed F. oxysporum and triggered plant defense
mechanisms in cucumber. It significantly increased the
activities of peroxidase, phenylalanine ammonia-lyase,
β-1,3-glucanase and the levels of chlorophyll and soluble
sugars in cucumber leaves [51].

Formulation of Streptomyces spp. Strains

Formulations of biocontrol agents affect significantly the
biocontrol efficacy [127], but they have been insufficiently

evaluated in the biocontrol of Fusarium diseases using for
Streptomyces spp. strains.
When different mixtures of Paenibacillus sp. 300 and

Streptomyces sp. 385 were tested with several formulations,
a zeolite-based, chitosan-amended formulation provided a
cucumber Fusarium wilt protection superior to a peat-
based formulation with or without chitosan and to the
non-formulated inoculants [43].
In the reduction of F. oxysporum f. sp. cubense race four

soil inoculum, formulations in sodium alginate, kaolin clay
and in alginate-kaolin were all advantageous for S. griseus,
and kaolin was the best material [82].
On the other hand, Anitha and Rabeeth [120] did not

find improvement of S. griseus efficacy with a chitin
amendment in seed treatment. Moreover, two commercial
formulate products such as Mycostop® and Actinovate®

have provided inconstant results across trials [32, 34, 35,
38, 60, 61, 71, 95].

Conclusion

Although the streptomycetes are the largest taxon of
antibiotic producers in the microbial world, they are less
studied than other biocontrol agents against Fusarium
diseases and, perhaps, plant diseases in general. Very likely,
they are more attractive for biotechnological and pharma-
ceutical purposes.
Plant diseases induced by Fusarium species are notably

challenging. One of them, F. oxysporum, is particularly
difficult to control by using microbial antagonists because,
being a vascular pathogen, it evades the contact with them
as soon as it enters in the plant xylem, unless the antagonist
is endophytic. However, successful biocontrol has been
achieved in several experiments, of which the tomato/
F. oxysporum f. sp. lycopersici pathosystem was the most
studied. This is not in agreement with the review by Raza
et al. [28], who concluded that the overall biocontrol
efficiency of different microbial genera is higher against the
Fusarium wilt of cucumber compared with the Fusarium
wilts of banana and tomato. Biocontrol of Fusarium wilts
has also been reviewed by other authors [11, 13].
From 45 in planta biocontrol studies retrieved from the

literature we learn that, besides the obvious in vitro initial
selection for antibiosis, the chitinolytic activity of
Streptomyces spp. strains play an important role in the
biocontrol of Fusarium diseases, and the plant growth
promotion trait is a cherished outcome. Other biocontrol
mechanisms appear less relevant, or they have been just
less studied so far in the Streptomyces–Fusarium interaction.
Some of them, however, merit further studies, since overall
they are being considered, or re-considered, attractive; it is
the case, for example, of strains endophytic or producing
volatile organic compounds [24, 123]. The identification of
specific antibiotics or metabolites responsible for the
biocontrol is challenging and, for this reason, not frequent,
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but some good examples teach us that it deserves more
efforts.
Bioformulation is a crucial point in the use of biocontrol

agents [127], but overall poorly considered in the
biocontrol of Fusarium diseases using streptomycetes.
Recently, secondary metabolite-based formulations have
been receiving much interest because of a much longer
shelf-life and a higher efficiency against soil-borne plant
pathogens [127]. Also, microbial polysaccharides [128],
consortia of antimicrobial metabolites and narrower target
pathogen ranges of biopesticides [127] are new trends for
the bioformulations. Different new microbial formulations
such as nanosuspension, nanoemulsion and nanocapsule
suspensions are expected to be released soon in the market
[127]. Other weak points in the Fusarium wilts biocontrol
have been already reviewed by several authors [12, 28,
129, 130].
The soil incorporation of organic amendments

(concurrently or colonized) with Streptomyces spp. has
determined sometimes additive or synergistic effects on the
biocontrol or plant growth promotion. Also, the mixture of
several Streptomyces spp. strains has been often positively
correlated with the biocontrol efficacy. In this view,
consortia-based formulations are being considered in
agriculture [127], and should be taken into account
for Streptomyces spp. as well. Associations of Rhizobia
and mycorrhiza used on legume crops, combinations
of phosphate-solubilizing bacteria with phosphate and
potassium rocks, or mixtures of cyanobacteria, microalgae
and Azotobacter used as biostimulators and biofertilizers,
consortia of Bacillus spp., Streptomyces spp., Azotobacter spp.
and Frauteria spp. are intelligently tactical bioformulations.
Nevertheless, the combination of biocontrol strains should
be designed accurately, with the aim to sum different
modes of actions avoiding cross-inhibition. Actually, such
combinations of strains should be the so-called synthetic
communities, viz. extremely simplified artificial community
resembling the natural ones, thus with a stable and durable
equilibrium along with a good fitness in the environment
[131–134]. Microbial interactions in the soil are very
intricate, and those involving streptomycetes make no
exceptions [16, 135–137]. Herrera Paredes et al. [138] have
elegantly demonstrated that it is possible to infer causal
relationships between microbiota membership and host
phenotypes, and these inferences can be used to rationally
design novel communities.
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