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Abstract
Main conclusion Lipopeptides could help to overcome a large concern in agriculture: resistance against chemical 
pesticides. These molecules have activity against various phytopathogens and a potential to be transformed by genetic 
engineering.

Abstract The exponential rise of pest resistances to different chemical pesticides and the global appeal of consumers for a 
sustainable agriculture and healthy nutrition have led to the search of new solutions for pest control. Furthermore, new laws 
require a different stance of producers. Based on that, bacteria of the genus Bacillus present a great agricultural potential, 
producing lipopeptides (LPs) that have high activity against insects, mites, nematodes, and/or phytopathogens that are harmful 
to plant cultures. Biopesticide activity can be found mainly in three families of Bacillus lipopeptides: surfactin, iturin, and 
fengycin. These molecules have an amphiphilic nature, interfering with biological membrane structures. Their antimicrobial 
properties include activity against bacteria, fungi, oomycetes, and viruses. Recent studies also highlight the ability of these 
compounds to stimulate defense mechanisms of plants and biofilm formation, which is a key factor for the successful colo-
nization of biocontrol organisms. The use of molecular biology has also recently been researched for continuous advances 
and discoveries of new LPs, avoiding possible future problems of resistance against these molecules. As a consequence of 
the properties and possibilities of LPs, numerous studies and developments as well as the attention of large companies in 
the field is expected in the near future.
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Introduction

For many decades, the genus Bacillus has been used in dif-
ferent studies in the fields of genetics and biochemistry. Dur-
ing this time, several strains were isolated, with the poten-
tial to produce more than two dozens of antibiotics with 
an impressive array of structures. Therefore, an average of 

about 4–5% of a Bacillus subtilis genome was employed in 
antibiotic production. Part of these antibiotics are composed 
of lipopeptides—LPs (Stein 2005). These compounds have 
been seen as biological control agents as an alternative to 
chemical pesticides, which generate strong environmental 
impacts by selecting resistant pests and contaminating the 
environment (Torres et al. 2017).

Lipopeptides are biosurfactants that are synthesized non-
ribosomally by large multi-enzyme complexes, the non-ribo-
somal peptide synthetases (NRPS) (Chen et al. 2009). These 
synthesis mechanisms lead to a great diversity among LPs 
with regard to the type and sequence of amino acid resi-
dues, the nature of the peptide cyclization, and the nature, 
length, and branching of the fatty acid chain (Ben Abdal-
lah et al. 2015). There are three major families of Bacillus 
LPs, namely iturin, surfactin, and fengycin (Dimkić et al. 
2017). The amphiphilic nature of these molecules provides a 
capacity of interfering with biological membrane structures, 
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making LPs key factors for the biological control of micro-
organisms. Lipopeptides are also responsible for systemic 
resistance induction in plant and biofilm formation (Fig. 1) 
(Ongena and Jacques 2008).

Iturins are neutral or monoanionic lipopeptides, and 
have the chiral sequence LDDLLDL with a restricted 
number of residues (Asx, Glx, Pro, Ser, Thr, Tyr). 
Also, they share a common sequence (β-hydroxy fatty 

acid-Asx-Tyr-Asx) and show a variation at the other four 
positions (Fig. 2a) (Bonmatin et al. 2003). This family 
is mainly composed of the following compounds: iturin 
A and C (Besson et  al. 1978, 1986), bacillomycin D 
(Peypoux et al. 1984), bacillomycin F (Mhammedi et al. 
1982), bacillomycin L (Peypoux et al. 1984), bacillopeptin 
(Kajimura et al. 1995), and mycosubtilin (Peypoux et al. 
1986). In terms of activity, iturin has a powerful antibiotic 

Fig. 1  Effects of LP produc-
tion by Bacillus species. These 
molecules can act in two ways, 
namely by directly acting 
against different phytopathogens 
and by inducing the systemic 
resistance of the plant. For the 
success of the action of these 
two abilities, biofilm formation 
is essential, since it overcomes 
difficulties in the colonization of 
the microorganisms

Fig. 2  Structures of a iturin variants (n = 9–12), b surfactin variants (n = 9–11; S1 = Val, Leu, or Ile; S2 = Ala, Val, Leu, or Ile; S3 = Val, Leu, or 
Ile; P1 = Val or Ile), and c fengycin variant (n = 11–14) ( adapted from Ongena and Jacques 2008)
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activity against a wide fungal spectrum (Arrebola et al. 
2010).

The structure of surfactin was elucidated 49 years ago by 
Kakinuma et al. (1969); it was found to be constituted by 
a heptapeptide with a chiral central sequence LLDLLDL, 
interlinked by a β-hydroxy fatty acid to form a cyclic lactone 
ring structure (Fig. 2b). The main members of the surfactin 
group are surfactin (Arima et al. 1968), esperin (Thomas and 
Ito 1969), halobacillin (Trischman et al. 1994), and pumi-
lacidin (Naruse et al. 1990). Surfactin displays antiviral, 
antimycoplasma, and antibacterial activities (Ongena and 
Jacques 2008).

The first fengycin was identified by Vanittanakom et al. 
(1986) and is composed of lipodecapeptides with an internal 
lactone ring in the peptidic moiety and with a β-hydroxy 
fatty acid chain that can be saturated or unsaturated (Fig. 2c) 
(Ongena and Jacques 2008). This family is mainly composed 
of fengycin A and B (Vanittanakom et al. 1986) and pli-
pastatin A and B (Umezawa et al. 1986). Fengycin mostly 
displays antimicrobial activity against a range of yeasts and 
filamentous fungi (Zihalirwa et al. 2017).

This review highlights the recent studies about the ability 
of LPs to stimulate defense mechanisms of plants and bio-
film formation, which is a key factor for the successful bio-
control against organisms that are harmful for plant cultures 
and a serious economic problem in agriculture worldwide.

Risk of pesticide resistance around the world 
and significance of LPs on the pesticide 
market

The current market for agricultural biologicals is around 
2.9 billion dollars. Although it represents a great amount of 
money, it is still dwarfed by the total agrochemical market, 
which is around 240 billion dollars. Regarding pesticides, 
the biological product market is about 2 billion dollars annu-
ally, while the chemical product market amounts to 44 bil-
lion dollars. Even though still in its starting point, microbi-
ome-based products will have a market size comparable to 
that of agrochemicals in the next few years. In Europe, it is 
expected that by 2020, there will be more biopesticides than 
chemical ones (Singh 2017). The biopesticide markets of 
Europe and South America are the ones projected to grow 
most rapidly in the next years, driven by tightening regula-
tory restrictions, and rapidly emerging disease resistance, 
respectively (Olson 2015).

A great example of losses due to disease resistance is 
Brazil, one of the largest producers of soybean in the world, 
contributing around 30% of the total production worldwide. 
The country faces significant problems with the Asian soy-
bean rust (Phakopsora phachyrhizi). The chemical control 
of this fungus began in Brazil in 2002/03, and the total costs 
to control the disease are estimated to be around 2 billion 
dollars per year (Kawashima et al. 2016). Fungicide resist-
ance has been observed in the past few years, and the main 
reason is the frequent exposure of the pathogen to chemical 
fungicides (Godoy et al. 2016). The problem of resistance 
to chemical pesticides is also faced by the rest of the world, 
with a wide range of diseases which developed pesticide 
resistance over the decades, such as citrus storage rot, cereal 

Table 1  Recent deals on the biopesticide market

Adapted from Olson (2015)

Company Type of deal Target Value Years References

Bayer CropScience Acquisition AgraQuest $425 M 2012 Kling (2012)
Partnership Flagship ventures Not disclosed 2015 Birkett (2015)

Monsanto Development partnership Novozymes $300 M 2013 Novozymes (2016)
Start-up founding Preceres LLC Not disclosed 2014 Kalaitzandonakes et al. (2018)

BASF Acquisition Becker underwood $1.02 B 2012 Burger et al. (2012)
Syngenta Acquisition DevGen $526 M 2012 Sa’Pinto et al. (2012)

Acquisition Pasteuria $113 M 2012 Thompson (2012)
DuPont Acquisition Taxon Biosciences Not disclosed 2015 Hopkins (2015)

Development partnership Hexima Not disclosed 2014 Hexima (2016)
Platform Specialty Products Acquisition Arysta LifeScience $3.5 B 2014 Chakravorty et al. (2014)
Dow AgroSciences Development partnership Radiant genomics Not disclosed 2015 Dow AgroSciences (2016)
Sumitomo Chemical (Valent 

BioSciences)
Development partnership Evolva Not disclosed 2015 Evolva (2016)
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leaf spot, apple scab, powdery mildews, potato blight, grape 
downy mildew, cereal powdery mildew, and others (Lucas 
et al. 2015).

As a consequence of the adversities faced by chemi-
cal pesticides, large companies are working on multiple 
acquisitions, licensing agreements, and partnerships on the 
agro-biological market (Table 1). The combination of both 
government agencies and private sectors, including a large 
number of start-up companies, are also evidence that the use 
of microbiome products for agriculture will exponentially 
increase in the near future (Singh 2017).

Recent studies about Bacillus LPs and their 
use in agriculture

Production and recovery

In terms of recent scientific studies, B. subtilis is still one 
of the most used species for LP production among bacteria 
of the genus Bacillus (Gong et al. 2014; Cawoy et al. 2015; 
Farace et al. 2015). Another species commonly studied is 
Bacillus amyloliquefaciens (Chen et al. 2016b; Soares et al. 
2016). Different microorganisms and media that are used 
for LP production at laboratory scale are shown in Table 2.

Agro-based low-cost products or wastes are being sought 
as alternative media to minimize the production costs. For 
example, cassava wastewater was tested in a pilot scale 

Table 2  LP production from different Bacillus species at laboratory scale

A MIC minimum inhibitory concentration
B Percentage inhibited
C Diameter of pathogen inhibition

Microorganisms Medium Parameters Inhibition (µg/mLA, (%)B, 
 mmC)

References

Bacillus sp. Brain heart infusion broth 125 rpm; 42 °C; 48 h 80 mm Perez et al. (2017)
B. amyloliquefaciens Nutrient broth 150 rpm; 28 °C; 72 h MIC 12 µg/mL; 62.7% Soares et al. (2016)

Landy medium 200 rpm; 30 °C; 64 h 87.5% Chen et al. (2016b)
YPG medium 28 °C; 48 h MIC 50 µg/mL Gong et al. (2015)
40 g/L glucose; 4 g/L 

 NH4NO3; 7.098 g/L 
 Na2HPO4; 6.805 g/L 
 KH2PO4; 0.332 g/L 
 MgSO4.H2O; 0.0017 g/L 
 MnSO4.H2O; 0.002 g/L 
 FeSO4.7H2O; 0.001 g/L 
 CaCl2.4H2O

1L bioreactor
250 rpm; pH 6.8; 30 °C; 0.8 

vvm

17.63 mm Pretorius et al. (2015)

B. subtilis 60 g/L glucose; 1 g/L yeast 
extract; 20 g/L  NaNO3; 
0.333 g/L  KH2PO4; 1 g/L 
 Na2HPO4.12H2O; 0.15 
 MgSO4.7H2O; 0.0075 g/L 
 CaCl2; 0.006 g/L 
 MnSO4.H2O, 0006 g/L 
 FeSO4.7H2O

200 rpm; 37 °C; 48 h – Yang et al. (2015)

LB medium 130 rpm; 37 °C 35% Farace et al. (2015)
Landy medium 180 rpm; 33 °C; 50 h 96.63% Gong et al. (2014)
Nutrient broth 150 rpm; 30 °C 45.8% Guo et al. (2013)

B. megaterium 25 g/L glucose; 6 g /L 
 NH4NO3; 0.028 g/L 
 KH2PO4; 1.6 g/L  K2HPO4; 
0.3 g/L  MgSO4; 0.2 g/L 
 CaCl2•2H2O;

180 rpm; 32 °C – Rangarajan et al. (2012)

Bacillus mojavensis Landy medium 160 rpm; 30 °C;
pH 7.0; 72 h

22 mm Ayed et al. (2014)

Bacillus methylotrophicus LB mendium and Landy 
medium

150 rpm; 30 °C; pH 7.0; 
72 h

– Jemil et al. (2017)
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process and proved to be a good substrate for the production 
of LPs (Barros et al, 2008). Palm oil mill effluent (POME) 
(Abas et al. 2013), soy flour, molasses (Yánez-Mendizábal 
et al. 2012a), soybean meal, wheat flour (Song et al. 2013), 
and desizing wastewater (Li et al. 2011b) have also been 
used for the production of LPs by Bacillus species.

One of the biggest challenges in LP production is the 
intense foam production during fermentation due to its sur-
factant nature. This characteristic affects LP recovery and 
purification and impedes the continuous production of these 
compounds (Coutte et al. 2013). The use of rotating disk 
bioreactors can promote a non-foaming fermentation and can 
be a good alternative to pilot and industrial processes. The 
use of this type of bioreactors showed a higher yield of LPs 
when compared to others bubbleless reactors (Chtioui et al. 
2012). Other alternatives are the use of a bubbleless mem-
brane bioreactor (Coutte et al. 2010), a biofilm reactor (Zune 
et al. 2014), and solid-state fermentation reactors (Ano et al. 
2009). High foam production was also experienced by Bar-
ros et al. (2008), who produced LPs at pilot scale using a 
40 L batch pilot bioreactor adapted for simultaneous foam 
collection.

Extraction of the LPs from the supernatant can be per-
formed by two classic methods. The first method consists of 
adding ethyl acetate to the cell-free supernatant in a 1:1.1 
ratio, with the addition of NaCl (30 g/L). The suspension 
must be homogenized, followed by the collection of the ethyl 
acetate fraction, which will be dried in a rotary evapora-
tor (Dimkić et al. 2017). Another approach for the extrac-
tion of LPs is acid precipitation, which consists of adjust-
ing the cell-free supernatant to pH 2 using HCl, resulting 
in a precipitate. Resuspension in methanol will provide an 
LP extract (Asari et al. 2017; Dimkić et al. 2017). Dimkić 
et al. (2017) demonstrated that acid precipitation, followed 
by a methanol extraction, led to a reduction of biosurfactant 
activities to only 23%, which is in accordance with earlier 

studies. The authors recommend ethyl acetate, in which the 
hydrophobic residues of LP compounds are probably better 
dissolved than in methanol.

After extraction, a finer purification can be executed for 
further LP characterization. Thin-layer chromatography 
(TLC) and high-performance thin-layer chromatography 
(HPTLC) are alternatives of LP purification. Liquid chro-
matography (LC) and high-pressure liquid chromatography 
(HPLC) are also extensively employed, especially using a 
reverse phase. In this case, C18 columns are highly used. For 
complete identification, mass spectrometry is recommended 
(Table 3). Figure 3 presents a summary of the main ways to 
produce, recover, and identify LPs.

LPs and their producers’ application in agriculture

Lipopeptides can be used as antimicrobials against a wide 
range of organisms including bacteria, fungi, oomycetes, 
and viruses (Raaijmakers et al. 2010). When it comes to 
important agricultural crops, such as soybean, wheat, maize, 
and potatoes, there are several studies about the use of LP 
producers in the biocontrol of pathogens as well as about the 
direct application of LPs. As mentioned above, P. pachyrhizi 
is one of the greatest challenges in soybean production. The 
use of B. subtilis QST-713 Serenade from Bayer (producer 
of lipopeptides), coupled with Bacillus pumilus, showed a 
positive effect on soybean exposed to the Asian rust. In par-
ticular, B. subtilis was able to reduce disease severity by 
98.6% in tests with detached leaves and by 23% under field 
conditions (Dorighello et al. 2015). In wheat, Bacillus LP 
efficacy was observed against Zymoseptoria tritici (Mejri 
et al. 2017), Gaeumannomyces graminis var. tritici (Zhang 
et al. 2017; Yang et al. 2018), and Fusarium graminearum 
(Gong et al. 2015). The latter was also inhibited by Bacil-
lus LPs in maize (Chan et al. 2009). In potatoes, Bacillus 
biosurfactants were effective against Fusarium solani (Mnif 

Table 3  Methods of purification and identification of LPs

LPs Method of identification and quantification References

Kurskatin, iturin, surfactin and fengycin HPTLC; MALDI-TOF MS Dimkić et al. (2017)
Iturin, surfactin and fengycin HPTLC (silica gel 60 plates—Merck) Geissler et al. (2017)
Iturin and surfactin HPLC (Semi-preparative reverse phase C18 HPLC column); 

MALDI-TOF MS; LC-ESI MS
Pathak and Keharia (2014)

Surfactin and fengycin HPLC (C18 column) Coutte et al. (2010)
Surfactin and iturin TLC (Precoated plates – Merck); LC–ESI–MS/MS (C18 column) Caldeira et al. (2011)
Iturin and fengycin Vacuum flash chromatography; semi-preparative HPLC; NMR 

spectroscopy; HR ESI MS
Ma et al. (2012)

Iturin, surfactin and fengycin LC–MS (Zorbax 300A Extend C-18 Column) Ben et al. (2014)
Iturin, surfactin and fengycin LC–MS (C8 Column) Malfanova et al. (2012)
Surfactin HPLC (Luna C18 reversed phase column, equipped with a Luna 

C18 pre-column)
Pretorius et al. (2015)

Iturin, surfactin and fengycin MALDI-TOF Slimene et al. (2012)
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et al. 2015). Different antimicrobial actions of LPs towards 
different organisms are presented in Table 4.

Induced systemic resistance in plants

Bacillus species promote an enhanced defensive capacity 
to the plant against a wide spectrum of fungi, bacteria, and 
viruses; this phenomenon is known as induced systemic 
resistance (ISR). The defense mechanism may be activated 
through a similar way as the response against pathogenic 
microorganisms with incompatible interactions (García-
Gutiérrez et al. 2013). Induced systemic resistance is often 
represented by jasmonic acid/ethylene (JA/ET)-dependent 
signaling pathways. According to Rahman et al. (2015), 
although ISR is typically independent of salicylic acid (SA), 
some rhizobacteria may trigger the SA-dependent signaling 
pathway. Cyclic LPs are key contributors to ISR-eliciting 
activity (Rahman et al. 2015). The mechanisms triggered by 
ISR are related to biochemical changes, including reinforce-
ments of plant cell walls, production of antimicrobial phyto-
alexins, and synthesis of pathogenesis-related (PR) proteins, 
such as chitinases, β-1,3-glucanases, or peroxidases (García-
Gutiérrez et al. 2013). An ISR scheme can be seen in Fig. 4.

The LPs from B. amyloliquefaciens mediated plant 
defense gene expression against R. solani in lettuce. In this 
case, with the presence of the bacteria in the plant, there 
was a higher expression of the gene PDF 1.2, which encodes 
for defensin (host defense peptide). The same response 
was not observed using surfactin-deficient mutants, show-
ing the important role of surfactin in the ISR (Chowdhury 
et al. 2015). For grapevine, gene expression analysis sug-
gests that mycosubtilin (iturin family) activated the SA and 
JA signaling pathways, whereas surfactin mainly induced 

an SA-regulated pathway. Both LPs were responsible for 
a local long-lasting enhanced tolerance to the pathogen B. 
cinerea in grapevine leaves (Farace et al. 2015). Surfactin 
and iturin also played a significant role in the plant defense 
response of strawberry against C. gloeosporioides. The LPs 
played a major role in the expression of chitinase and β-1,3-
glucanase in strawberry leaves (Yamamoto et al. 2015). 
Other recent studies reported Bacillus LPs as inducers of 
defense responses of several plants including rice (Chan-
dler et al. 2015), Arabidopsis (Kawagoe et al. 2015), tomato 
(Abdallah et al. 2017), and maize (Gond et al. 2015).

Biofilm formation induced by LPs

Colonization of biocontrol microorganisms and their main-
tenance in the plant area are important factors and major 
challenges. Changes in environmental conditions, such 
as temperature and relative humidity, are decisive for the 
colonization of these organisms. Bacillus species evolved 
a mechanism to overcome these challenges by developing 
a multicellular behavior known as biofilm formation (Zeri-
ouh et al. 2014). The biofilm structure is initially formed 
by a process called swarming, which is a rapid and mas-
sive migration of cooperating groups of bacteria. Basically, 
a group of cells forms ‘buds’ at the edge of the original 
colony, which are then abruptly released forming initial 
monolayer dendrites. Surfactin is considerably involved in 
the swarming process, since in a biofilm structure, it was 
mainly located in the mother colony and along the edges of 
the dendrites (Debois et al. 2008). In addition, bacillomycin 
D, a member of the iturin family, also played a role in the 
expression of the genes involved in biofilm formation of B. 
amyloliquefaciens (Xu et al. 2013). The biofilm formation 

Fig. 3  Different alternatives for the production, recovery, and identi-
fication of LPs. The production of these molecules can be performed 
at smaller scales, such as flasks, as well in different bioreactors (STR, 
rotating discs, and membrane bioreactor). The recovery is made by 
two classic methods: (1) acid precipitation, followed by resuspension 

in precipitate in methanol; (2) addition of ethyl acetate and drying in 
a rotary evaporator after extraction of the ethyl acetate fraction. Iden-
tification can be performed by different analytical methods of chro-
matography and mass spectrometry
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of B. subtilis is less robust in strains with null mutation in 
the gene srfAA, which is responsible for encoding part of the 
NRPS, consequently forming the surfactin molecule. Biofilm 
formation in the root helped to increase the local concentra-
tion of LP in root-surrounding areas with further stimulation 
of biofilm formation and antimicrobial action (Chen et al. 
2013). The importance of biofilm formation to the success 
of the biocontrol activity and the role of the surfactin in this 
process have also been confirmed by other authors such as 
Aleti et al. (2016), Bais et al. (2004), and Luo et al. (2015).

NRPS engineering

Non-ribosomal peptide synthetases are composed of multi-
modules that are responsible to recognize, activate, modify, 
and link the amino acid intermediates to the product peptide. 
These multi-enzymes are capable of synthesizing a vari-
ety of peptides by adding unusual amino acids, including 
d-amino acids, β-amino acids, and hydroxy- or N-methylated 
amino acids. The multi-modular property is another feature 
that leads these enzymes to produce a great variety of prod-
ucts. Each module is composed of specific domains that 
catalyze different enzymatic activities (Roongsawang et al. 
2010). These modules are responsible for incorporating spe-
cific amino acids in the molecules and consist of three major 

Table 4  Antimicrobial action of LPs against different pathogens

Lipopeptide family Target organism Test’s condition References

Fengycin, iturin and surfactin Monilinia fructicola The treatment was tested on peaches 
and nectarines in laboratory

Yánez-Mendizábal et al. (2012b)

Fengycin, iturin and surfactin Sclerotinia sclerotiorum Inhibition tested in petri dishes Alvarez et al. (2012)
Fengycin, iturin and surfactin Phoma medicaginis Inhibition tested in petri dish and 

assay in microculture
Ben Slimene et al. (2012)

Fengycin Botrytis cinerea, Sphaerotheca 
fuliginea

Inhibition tested in petri dishes Zhang et al. (2013)

Fengycin, iturin and surfactin Fusarium oxysporum f. sp. melonis The treatment was applied on musk-
melon’s nursery and pot soil

Zhao et al. (2013)

Iturin and surfactin Xanthomonas arboricola, Pectobac-
terium carotovorum, Colletotrichum 
acutatum, Colletotrichum gloe-
osporioides, Monilinia fructigena, 
Alternaria alternata, F. solani, F. 
oxysporum, Botryosphaeria obtusa, 
Penicillium expansum, Mucor sp., 
Aspergillus flavus

Inhibition tested in petri dishes and 
on apple fruits (for P. expansum 
and F. oxysporum) under laboratory 
conditions

Dimkić et al. (2013)

Fengycin, iturin and surfactin Pectobacterium carotovorum, Xan-
thomonas campestris, Podosphaera 
fusca

Inhibition tested on detached melon 
leaves

Zeriouh et al. (2014)

Fengycin Rhizoctonia solani Inhibition tested in petri dishes Guo et al. (2013)
Fengycin, iturin and surfactin Sclerotium rolfsii, S. sclerotiorum, R. 

solani, F. solani, Penicillium spp.
The treatment was tested on white and 

black common beans under labora-
tory conditions

Torres et al. (2017)

Non-specified P. pachyrhizi The treatment was tested on soybeans 
under greenhouse conditions

Dorighello et al. (2015)

Iturin, fengycin and surfactin Z. tritici The treatment was tested on wheat 
under greenhouse conditions

Mejri et al. (2017)

Iturin, fengycin and surfactin G. graminis var. tritici Inhibition tested in petri dishes and 
on wheat plants under greenhouse 
conditions

Yang et al. (2018)

Iturin, fengycin and surfactin G. graminis var. tritici The treatment was tested on wheat 
under greenhouse conditions

Zhang et al. (2017)

Iturin, fengycin and surfactin F. graminearum Inhibition tested in petri dishes Gong et al. (2015)
Fengycin F. graminearum Field test with maize and culture-

chamber with wheat
Chan et al. (2009)

Non-specified F. solani Inhibition tested in petri dishes and on 
potato tubers

Mnif et al. (2015)
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catalytic domains: condensation (C), adenylation (A), and 
thiolation (T) domains. Finally, the last module frequently 
also contains the thioesterase (Te) domain (Gao et al. 2018).

Based on the NRPS’s features presented above, studies 
are being developed on engineering these enzymes to create 
new LPs. One of the first studies in the field was done by 
Symmank et al. (2002), who created a lipohexapeptide by 
genetically engineering the surfactin biosynthesis using a 
combination of in vitro and in vivo recombination. In their 
work, a complete amino acid incorporating module was 
eliminated, creating a modified peptide synthetase. The 
remaining modules, which are adjacent to the deletion, were 
recombined at different highly conserved sequence motifs 
that are characteristic of amino acid-incorporating modules 
of peptide synthetases. Gao et al. (2018) stated that the entire 
deletion of an NRPS module, which was a producer of pli-
pastatin, caused the inactivation of the enzyme. However, 
the authors observed that individual domain deletion (A and 
T domains) leads to the creation of three novel plipastatin 
derivatives. Jiang et al. (2016) studied the subunits of the A 
domain, SrfA-A (responsible for the  Glu1-Leu2-Leu3 portion 
of surfactin) and SrfA-B (responsible for the  Val4-Asp5-Leu6 
portion of the LP). The authors knocked-out the modules 
SrfA-A-Leu3, SrfA-B-Asp, and SrfA-B-Leu from surfactin 

NRPS in B. subtilis, and three novel surfactin products were 
produced individually, lacking amino acid Leu-3, Asp-5, 
or Leu-6. Both [∆Leu3] surfactin and [∆Leu6] surfactin 
presented reduced toxicity, and [∆Asp5] surfactin showed 
greater inhibition when compared to native surfactin against 
B. pumilus and Micrococcus luteus. Also, [∆Leu6] surfactin 
showed a significant antifungal activity against Fusarium 
moniliforme. Liu et al. (2016) were able to create novel LPs 
by shifting the selectivity of the donor COM domain (com-
munication-mediating domain, essential for coordinating 
intermolecular communication within NRPSs complexes). 
Using this technique, and reprogramming the plipastatin 
biosynthetic machinery, five new LPs were identified. All 
of the molecules showed antimicrobial activity against five 
fungal species (Rhizopus stolonifer, F. oxysporum, Asper-
gillus ochraceus, Penicillium notatum, and A. flavus). Gao 
et al. (2016) claim to be the first authors to report truncated 
cyclic LP production and module skipping by simply mov-
ing the TE domain forward in an NRPS system. The authors 
stated that the plipastatin TE domain could be used to ration-
ally manipulate the ring size of macrocyclic products and 
could be a potential domain in the engineering of peptide 
synthetases for generating many new analogues of active 
peptides.

Studies on engineering of new LP molecules are an 
important effort to bypass current and future problems of 
resistance against these molecules. Lipopeptides resistance 
against a B. subtilis surfactin by Streptomyces sp. has already 
been detected. Based on previous study, this species was able 
to secret an enzyme that could hydrolyse and confer resist-
ance to aerial growth inhibition (Hoefler et al. 2012). The 
dissemination of the use of these biocontrol agents, along 
with its produced molecules, could be a triggering agent 
to new cases of resistance. Therefore, continuous advances 
and discoveries of new molecules are indispensable for the 
endurance of this biological technology.

Recent technologies

In terms of recent technologies, major companies such as 
Bayer and Dupont showed interest in using cyclic LPs as 
biocontrol agents [e.g. WO2016044529-A1 (Curtis and 
Thompson 2016), WO2012162412-A2 (Guilhabert-Goya 
and Margolis 2012), WO2015184170-A1 (Kijlstra et al. 
2015), WO2013126387-A2 (Weber et al. 2013)]. In the 
past 10 years, some technologies related to genetic modified 
organisms (GMOs), processes, purification and characteri-
zation, and formulation have been developed and protected 
(Table 5).

Regarding new GMOs, the patent WO2017125583-A1 
(Lereclus et al. 2017) claims a genetically engineered Bacil-
lus thuringiensis capable of overexpressing the krsE gene, 

Fig. 4  Systemic resistance induced in plants by LPs. These molecules 
work as an elicitor, triggering the plant’s systemic resistance, by acti-
vating a JA/ET response or an SA-dependent pathway. As a result, the 
plant produces a defensive compound
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responsible for the production of the LP kurskatin. The 
molecule showed antimicrobial activity against Galactomy-
ces geotrichum and B. cinerea. Another molecular technol-
ogy was developed in the patent CN102492639-A (Li et al. 
2011a), which claims a GMO, Bacillus spp., with a high 
yield of antimicrobial LPs (iturin and surfactin) and an anti-
fungal activity increased by 20–60%. Genetic engineering is 
also applied in the patent WO2008131014-A1 (Keenan et al. 
2008); this work alleges an engineered LP synthetase poly-
peptide useful in synthesizing novel LPs, which are effective 
against insect or microbial pathogens.

New processes are also being developed, such as in the 
patent CN101041846-A (Gong et al. 2007), which claims 
a new pathway for the production of surfactin, using a 
medium containing soluble starch, sodium nitrate, potas-
sium dihydrogen phosphate, magnesium sulfate, potassium 
chloride, ferrous sulfate heptahydrate, manganese sulfate, 
copper sulfate pentahydrate, and yeast extract. For LP puri-
fication, the invention employs an acid precipitation at 4 °C 
by adding hydrochloric acid until pH 2, followed by freeze 
drying to obtain a purified surfactin preliminary product. 
The invention CN103865855-A (Huang et al. 2014) also 
consists of a technology using a different medium composi-
tion from standard. For that, the inventors used a mutant 
B. subtilis, able to use glycerol as the main carbon source, 
for producing LPs. The use of some residues or alternative 
substrates as carbon source can also be seen in the patent 
WO2010039539-A2 (Jarrell et al. 2010), which states a 
medium for growing Bacillus cells constituted by cellulosic 
material as its main carbon source. The cellulosic material 
is comprised of soybean hulls, which contain cellobiose, 
xylose, xylan, or a combination thereof. The employment 
of soybean as substrate in semi-solid state fermentation 
was developed in the invention WO2016179735-A1 (Lu 
2015); the inventors claim a high surfactin yield. The patent 
CN104232499-A (Wang et al. 2013) claims a production 
of LPs using Bacillus licheniformis in a 10 L bioreactor at 
27–40 °C, a pressure of 0.03–0.08 MPa, and an aeration rate 
of 3–9 L/min.

Different inventions were developed for LP formulation 
and composition. Seeking to produce an environmentally 
compatible, storable, and long-acting agent against phy-
topathogenic microorganisms, the inventors of the patent 
WO2012130221-A2 (Borriss 2012) developed a product 
containing B. amyloliquefaciens spores. The formula con-
tains at least 1 × 1010 spores/mL and an LP concentration 
of at least 1 g/L. In the patent WO2016044529-A1 (Curtis 
and Thompson 2016), the Bayer Company claims a prod-
uct with a large action range, with the following composi-
tion: (1) recombinant exosporium-producing Bacillus cells 
that express a fusion protein comprising at least one plant 
growth-stimulating protein or peptide as well as a target-
ing sequence, exosporium protein, or exosporium protein Ta
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fragment; (2) at least one biological control agent selected 
from the group consisting of the following LP-producing 
strains: B. subtilis, B. amyloliquefaciens, Bacillus fir-
mus, and B. pumilus in a synergistically effective amount. 
Bayer also protected other technologies such as the pat-
ents WO2012162412-A2 (Guilhabert-Goya and Margolis 
2012) (comprising a synergistic fungicidal combination 
of a polyene fungicide and at least one Bacillus LP) and 
WO2015184170-A1 (Kijlstra et al. 2015) (comprising a 
strain of B. subtilis or B. amyloliquefaciens and one of sev-
eral compounds in a synergistically effective amount, which 
includes LPs from the surfactin, iturin, and fengycin fami-
lies). Dupont is another major company that is interested in 
Bacillus LPs for agricultural application, covered by the pat-
ent WO2013126387-A2 (Weber et al. 2013). The invention 
claims an anti-contaminant composition comprising a cell-
free fermentation product of one or more B. subtilis strains, 
containing LPs selected from surfactin, bacillomycin, and 
fengycin groups and combinations thereof.

Concerning the separation and purification of LP mol-
ecules, the extraction method of the patent CN105861602-A 
(Chen  2016) is based on the classic acid precipitation men-
tioned earlier in this work. It starts by the preparation of a 
fermentation broth of B. subtilis at 28 °C in a shaker for 72 h. 
The broth must be then centrifuged, with the pH adjusted 
to 2.5–3.0, and set at 4 °C overnight. After centrifugation, 
the precipitate is extracted by methanol (organic solvent), 
and finally, the solution is centrifuged again for crude LP 
methanol extraction and concentrated in a rotary evaporator 
to 1/8 of its original volume. The last step consists of a size-
exclusion chromatography using a Sephadex G-100 column 
for separation to obtain the single antifungal substance. The 
inventors of the patent CN101851654-A (Liu et al. 2009) 
also extracted the LPs using methanol. However, RP-HPLC 
(Column YMC ODS-A 250 mm X 10 mm) was used to pre-
pare and obtain a pure antifungal LP. Another approach can 
be seen in the patent CN101724014-A (Lin et al. 2009), 
which uses a 45–55% ammonium sulphate saturation to pre-
cipitate these compounds and later purifies the LPs from the 
iturin, fengycin, and surfactin families through Sephadex 
G-25 molecular sieve chromatography, cellulose DEAE-52 
anion exchange chromatography, and FPLC 300SB-C18 
column chromatography successively. The authors allege a 
distribution range of the molecular weight of the extracel-
lular antibacterial LP between 1000 and 2200 Da.

Conclusions

Different species of Bacillus produce LPs with a large spec-
trum of antimicrobial activity. One of the most used spe-
cies is B. subtilis, a widely adopted bacterial model organ-
ism for laboratory studies and one of the most understood 

prokaryotes in molecular and cellular biology. Therefore, 
studies relying on LP production by these organisms are 
provided with a huge literature to base and start a research 
project. Surfactin, iturin and, fengycin, families of LPs that 
are produced by Bacillus, are strong antimicrobial agents 
capable of acting synergistically against pathogens in a 
direct and indirect way by affecting and killing them or by 
activating an induced systemic resistance and biofilm forma-
tion, respectively. These properties of Bacillus LPs make 
them an excellent option for biocontrol systems, which are 
increasingly being demanded by both tightening regulatory 
restrictions and rapidly emerging disease resistance. Bacillus 
LPs present an important group of biomolecules that will 
inexorably contribute to the development of a cleaner and 
more sustainable agriculture in the next decades.

Author contribution statement ROP, LPSV, CF, VTS, and 
CRS all contributed with ideas and the overall structure of 
the review. ROP wrote the initial draft and draw the figures. 
All authors read and approved the final manuscript.

Acknowledgements This research was supported by National Council 
of Technological and Scientific Development (CNPq) and Coordination 
for the Improvement of Higher Education Personnel (CAPES).

Author contributions ROP, LPSV, CF, VTS, and CRS all contributed 
with ideas and the overall structure of the review. ROP wrote the ini-
tial draft and draw the figures. All authors read and approved the final 
manuscript.

References

Abas MR, Kader AJA, Khalil MS et al (2013) Production of surfactin 
from Bacillus subtilis ATCC 21332 by using treated palm oil 
mill effluent (POME) as fermentation media. Int Proc Chem Biol 
Environ Eng 55:87–93. https ://doi.org/10.7763/IPCBE E

Abdallah RAB, Stedel C, Garagounis C et al (2017) Involvement of 
lipopeptide antibiotics and chitinase genes and induction of host 
defense in suppression of Fusarium wilt by endophytic Bacillus 
spp. in tomato. Crop Prot 99:45–58.https ://doi.org/10.1016/J.
CROPR O.2017.05.008

Aleti G, Lehner S, Bacher M et al (2016) Surfactin variants medi-
ate species-specific biofilm formation and root colonization 
in Bacillus. Environ Microbiol 18:2634–2645. https ://doi.
org/10.1111/1462-2920.13405 

Alvarez F, Castro M, Príncipe A et al (2012) The plant-associated 
Bacillus amyloliquefaciens strains MEP 218 and ARP 23 capa-
ble of producing the cyclic lipopeptides iturin or surfactin and 
fengycin are effective in biocontrol of sclerotinia stem rot dis-
ease. J Appl Microbiol 112:159–174. https ://doi.org/10.111
1/j.1365-2672.2011.05182 .x

Ano T, Jin GY, Mizumoto S et al (2009) Solid state fermentation of 
lipopeptide antibiotic iturin A by using a novel solid state fer-
mentation reactor system. J Environ Sci 21:S162–S165. https ://
doi.org/10.1016/S1001 -0742(09)60064 -4

Arima K, Kakinuma A, Tamura G (1968) Surfactin, a crystalline 
peptidelipid surfactant produced by Bacillus subtilis: Isolation, 

https://doi.org/10.7763/IPCBEE
https://doi.org/10.1016/J.CROPRO.2017.05.008
https://doi.org/10.1016/J.CROPRO.2017.05.008
https://doi.org/10.1111/1462-2920.13405
https://doi.org/10.1111/1462-2920.13405
https://doi.org/10.1111/j.1365-2672.2011.05182.x
https://doi.org/10.1111/j.1365-2672.2011.05182.x
https://doi.org/10.1016/S1001-0742(09)60064-4
https://doi.org/10.1016/S1001-0742(09)60064-4


 Planta (2020) 251:70

1 3

70 Page 12 of 15

characterization and its inhibition of fibrin clot formation. 
Biochem Biophys Res Commun 31:488–494. https ://doi.
org/10.1016/0006-291X(68)90503 -2

Arrebola E, Jacobs R, Korsten L (2010) Iturin A is the principal 
inhibitor in the biocontrol activity of Bacillus amyloliquefaciens 
PPCB004 against postharvest fungal pathogens. J Appl Microbiol 
108:386–395. https ://doi.org/10.1111/j.1365-2672.2009.04438 .x

Asari S, Ongena M, Debois D et al (2017) Insights into the molecular 
basis of biocontrol of Brassica pathogens by Bacillus amylolique-
faciens UCMB5113 lipopeptides. Ann Bot 120:551–562. https ://
doi.org/10.1093/aob/mcx08 9

Ben AH, Hmidet N, Béchet M et al (2014) Identification and bio-
chemical characteristics of lipopeptides from Bacillus mojavensis 
A21. Process Biochem 49:1699–1707. https ://doi.org/10.1016/J.
PROCB IO.2014.07.001

Bais HP, Fall R, Vivanco JM (2004) Biocontrol of Bacillus subtilis 
against infection of Arabidopsis roots by Pseudomonas syringae 
is facilitated by biofilm formation and surfactin production. Plant 
Physiol 134:307–319. https ://doi.org/10.1104/pp.103.02871 2

Barros FFC, Ponezi AN, Pastore GM (2008) Production of biosur-
factant by Bacillus subtilis LB5a on a pilot scale using cassava 
wastewater as substrate. J Ind Microbiol Biotechnol 35:1071–
1078. https ://doi.org/10.1007/s1029 5-008-0385-y

Ben Abdallah D, Frikha-Gargouri O, Tounsi S (2015) Bacillus 
amyloliquefaciens strain 32a as a source of lipopeptides for bio-
control of Agrobacterium tumefaciens strains. J Appl Microbiol 
119:196–207. https ://doi.org/10.1111/jam.12797 

Ben Slimene I, Tabbene O, Djebali N et al (2012) Putative use of a 
Bacillus subtilis L194 strain for biocontrol of Phoma medicaginis 
in Medicago truncatula seedlings. Res Microbiol 163:388–397. 
https ://doi.org/10.1016/j.resmi c.2012.03.004

Besson F, Michel G, Claude U, Lyon B (1986) Isolation and characteri-
zation of new iturins: iturin D and iturin E. J Antibiot (Tokyo) 
40:437–442

Besson F, Peypoux F, Michel G, Delcambe L (1978) Identification of 
antibiotics of iturin group in various strains of Bacillus subtilis. 
J Antibiot (Tokyo) 31:284–288

Birkett R (2015) Bayer/flagship ventures to fund agtech start ups. 
Agrow Agribusiness. http:// https ://agrow .agrib usine ssint ellig 
ence.infor ma.com/AG022 335/Bayer Flags hip-Ventu res-to-fund-
agtec h-start -ups. Accessed 05 January 2020

Bonmatin J-M, Laprévote O, Peypoux F (2003) Diversity among micro-
bial cyclic lipopeptides: iturins and surfactins. Activity-structure 
relationships to design new bioactive agents. Comb Chem High 
Throughput Screen 6:541–556. https ://doi.org/10.2174/13862 
07031 06298 716

Borriss R (2012) Means for treating microbial diseases in cultivated 
plants. International application published under the patent coop-
eration treaty (PCT) WO2012130221-A2

Burger L, Goodman D (2012) Germany’s BASF to buy Becker Under-
wood for $1 billion. Reuters. https ://www.reute rs.com/artic le/
us-basf-becke r-under wood-idUSB RE88J 0LC20 12092 0. Acessed 
05 January 2020

Caldeira AT, Arteiro SJM, Coelho AV, Roseiro JC (2011) Combined 
use of LC–ESI-MS and antifungal tests for rapid identification 
of bioactive lipopeptides produced by Bacillus amyloliquefa-
ciens CCMI 1051. Process Biochem 46:1738–1746. https ://doi.
org/10.1016/J.PROCB IO.2011.05.016

Cawoy H, Debois D, Franzil L et al (2015) Lipopeptides as main ingre-
dients for inhibition of fungal phytopathogens by Bacillus sub-
tilis/amyloliquefaciens. Microb Biotechnol 8:281–295. https ://
doi.org/10.1111/1751-7915.12238 

Chakravorty S, Sebastian D (2014) Chemical company Platform to 
buy Arysta LifeScience for $3.5 bln. Reuters. https ://www.reute 
rs.com/artic le/platf ormsp ecial ity-ma-aryst a/chemi cal-compa 

ny-platf orm-to-buy-aryst a-lifes cienc e-for-3-5-bln-idUSL 3N0SF 
4J620 14102 0. Accessed 05 January 2020

Chan Y-K, Savard ME, Reid LM et al (2009) Identification of lipopep-
tide antibiotics of a Bacillus subtilis isolate and their control of 
Fusarium graminearum diseases in maize and wheat. Biocontrol 
54:567–574. https ://doi.org/10.1007/s1052 6-008-9201-x

Chandler S, Van HN, Coutte F et al (2015) Role of cyclic lipopeptides 
produced by Bacillus subtilis in mounting induced immunity in 
rice (Oryza sativa L.). Physiol Mol Plant Pathol 91:20–30. https 
://doi.org/10.1016/J.PMPP.2015.05.010

Chen C, Gui, Z, Jia, J (2016) Method for separating and purifying anti-
fungal substance from Bacillus subtilis. CN patent 105861602-A

Chen L, Qu H (2013) Agriculture-grade lipopeptide potasium fertilizer 
preparation process. CN patent 103613434-A

Chen X, Zhang Y, Fu X et al (2016) Isolation and characterization of 
Bacillus amyloliquefaciens PG12 for the biological control of 
apple ring rot. Postharvest Biol Technol 115:113–121. https ://
doi.org/10.1016/j.posth arvbi o.2015.12.021

Chen XH, Koumoutsi A, Scholz R et al (2009) Genome analysis of 
Bacillus amyloliquefaciens FZB42 reveals its potential for bio-
control of plant pathogens. J Biotechnol 140:27–37. https ://doi.
org/10.1016/j.jbiot ec.2008.10.011

Chen Y, Yan F, Chai Y et al (2013) Biocontrol of tomato wilt disease by 
Bacillus subtilis isolates from natural environments depends on 
conserved genes mediating biofilm formation. Environ Microbiol 
15:848–864. https ://doi.org/10.1111/j.1462-2920.2012.02860 .x

Chowdhury SP, Uhl J, Grosch R et al (2015) Cyclic Lipopeptides of 
Bacillus amyloliquefaciens subsp. plantarum Colonizing the let-
tuce rhizosphere enhance plant defense responses toward the bot-
tom rot pathogen Rhizoctonia solani. Mol Plant Microbe Interact 
28:984–995. https ://doi.org/10.1094/MPMI-03-15-0066-R

Chtioui O, Dimitrov K, Gancel F et al (2012) Rotating discs bioreac-
tor, a new tool for lipopeptides production. Process Biochem 
47:2020–2024. https ://doi.org/10.1016/j.procb io.2012.07.013

Coutte F, Lecouturier D, Ait Yahia S et al (2010) Production of surfac-
tin and fengycin by Bacillus subtilis in a bubbleless membrane 
bioreactor. Appl Microbiol Biotechnol 87:499–507. https ://doi.
org/10.1007/s0025 3-010-2504-8

Coutte F, Lecouturier D, Leclère V et al (2013) New integrated bio-
process for the continuous production, extraction and purifica-
tion of lipopeptides produced by Bacillus subtilis in membrane 
bioreactor. Process Biochem 48:25–32. https ://doi.org/10.1016/j.
procb io.2012.10.005

Curtis D, Thompson B (2016) Compositions comprising recombinant 
Bacillus cells and another biological control agent. International 
application published under the patent cooperation treaty (PCT) 
WO2016044529-A1

Debois D, Hamze K, Guérineau V et al (2008) In situ localisation and 
quantification of surfactins in a Bacillus subtilis swarming com-
munity by imaging mass spectrometry. Proteomics 8:3682–3691. 
https ://doi.org/10.1002/pmic.20070 1025

Dimkić I, Stanković S, Nišavić M et al (2017) The profile and anti-
microbial activity of Bacillus Lipopeptide extracts of five 
potential biocontrol strains. Front Microbiol 8:925. https ://doi.
org/10.3389/fmicb .2017.00925 

Dimkić I, Živković S, Berić T et al (2013) Characterization and evalu-
ation of two Bacillus strains, SS-12.6 and SS-13.1, as potential 
agents for the control of phytopathogenic bacteria and fungi. 
Biol Control 65:312–321. https ://doi.org/10.1016/j.bioco ntrol 
.2013.03.012

Dorighello DV, Bettiol W, Maia NB, de Compos RMVB (2015) 
Controlling Asian soybean rust (Phakopsora pachyrhizi) with 
Bacillus spp. and coffee oil. Crop Prot 67:59–65. https ://doi.
org/10.1016/J.CROPR O.2014.09.017

Dow AgroSciences (2016) Dow AgroSciences, Radiant Genomics 
Expand R&D Collaboration Focused on Natural Products for 

https://doi.org/10.1016/0006-291X(68)90503-2
https://doi.org/10.1016/0006-291X(68)90503-2
https://doi.org/10.1111/j.1365-2672.2009.04438.x
https://doi.org/10.1093/aob/mcx089
https://doi.org/10.1093/aob/mcx089
https://doi.org/10.1016/J.PROCBIO.2014.07.001
https://doi.org/10.1016/J.PROCBIO.2014.07.001
https://doi.org/10.1104/pp.103.028712
https://doi.org/10.1007/s10295-008-0385-y
https://doi.org/10.1111/jam.12797
https://doi.org/10.1016/j.resmic.2012.03.004
https://agrow.agribusinessintelligence.informa.com/AG022335/BayerFlagship-Ventures-to-fund-agtech-start-ups
https://agrow.agribusinessintelligence.informa.com/AG022335/BayerFlagship-Ventures-to-fund-agtech-start-ups
https://agrow.agribusinessintelligence.informa.com/AG022335/BayerFlagship-Ventures-to-fund-agtech-start-ups
https://doi.org/10.2174/138620703106298716
https://doi.org/10.2174/138620703106298716
https://www.reuters.com/article/us-basf-becker-underwood-idUSBRE88J0LC20120920
https://www.reuters.com/article/us-basf-becker-underwood-idUSBRE88J0LC20120920
https://doi.org/10.1016/J.PROCBIO.2011.05.016
https://doi.org/10.1016/J.PROCBIO.2011.05.016
https://doi.org/10.1111/1751-7915.12238
https://doi.org/10.1111/1751-7915.12238
https://www.reuters.com/article/platformspeciality-ma-arysta/chemical-company-platform-to-buy-arysta-lifescience-for-3-5-bln-idUSL3N0SF4J620141020
https://www.reuters.com/article/platformspeciality-ma-arysta/chemical-company-platform-to-buy-arysta-lifescience-for-3-5-bln-idUSL3N0SF4J620141020
https://www.reuters.com/article/platformspeciality-ma-arysta/chemical-company-platform-to-buy-arysta-lifescience-for-3-5-bln-idUSL3N0SF4J620141020
https://www.reuters.com/article/platformspeciality-ma-arysta/chemical-company-platform-to-buy-arysta-lifescience-for-3-5-bln-idUSL3N0SF4J620141020
https://doi.org/10.1007/s10526-008-9201-x
https://doi.org/10.1016/J.PMPP.2015.05.010
https://doi.org/10.1016/J.PMPP.2015.05.010
https://doi.org/10.1016/j.postharvbio.2015.12.021
https://doi.org/10.1016/j.postharvbio.2015.12.021
https://doi.org/10.1016/j.jbiotec.2008.10.011
https://doi.org/10.1016/j.jbiotec.2008.10.011
https://doi.org/10.1111/j.1462-2920.2012.02860.x
https://doi.org/10.1094/MPMI-03-15-0066-R
https://doi.org/10.1016/j.procbio.2012.07.013
https://doi.org/10.1007/s00253-010-2504-8
https://doi.org/10.1007/s00253-010-2504-8
https://doi.org/10.1016/j.procbio.2012.10.005
https://doi.org/10.1016/j.procbio.2012.10.005
https://doi.org/10.1002/pmic.200701025
https://doi.org/10.3389/fmicb.2017.00925
https://doi.org/10.3389/fmicb.2017.00925
https://doi.org/10.1016/j.biocontrol.2013.03.012
https://doi.org/10.1016/j.biocontrol.2013.03.012
https://doi.org/10.1016/J.CROPRO.2014.09.017
https://doi.org/10.1016/J.CROPRO.2014.09.017


Planta (2020) 251:70 

1 3

Page 13 of 15 70

Crop Pro. Corteva Agriscience. https ://www.corte va.com/resou 
rces/media -cente r/dow-agros cienc es-radia nt-genom ics-expan 
d-colla borat ion-focus ed-on-natur al-produ cts-for-crop-prote ction 
.html. Accessed 05 January 2020

Evolva (2016) Evolva and Valent BioSciences to co-develop agricul-
tural bioactives. Evolva. https ://www.evolv a.com/press /evolv 
a-and-valen t-biosc ience s-to-co-devel op-agric ultur al-bioac tives 
/. Accessed 05 January 2020

Farace G, Fernandez O, Jacquens L et al (2015) Cyclic lipopeptides 
from Bacillus subtilis activate distinct patterns of defence 
responses in grapevine. Mol Plant Pathol 16:177–187. https ://
doi.org/10.1111/mpp.12170 

Gao L, Guo J, Fan Y et al (2018) Module and individual domain dele-
tions of NRPS to produce plipastatin derivatives in Bacillus 
subtilis. Microb Cell Fact 17:84. https ://doi.org/10.1186/s1293 
4-018-0929-4

Gao L, Liu H, Ma Z et al (2016) Translocation of the thioesterase 
domain for the redesign of plipastatin synthetase. Sci Rep 
6:38467. https ://doi.org/10.1038/srep3 8467

García-Gutiérrez L, Zeriouh H, Romero D et al (2013) The antago-
nistic strain Bacillus subtilis UMAF6639 also confers pro-
tection to melon plants against cucurbit powdery mildew 
by activation of jasmonate- and salicylic acid-dependent 
defence responses. Microb Biotechnol 6:264–274. https ://doi.
org/10.1111/1751-7915.12028 

Geissler M, Oellig C, Moss K et al (2017) High-performance thin-layer 
chromatography (HPTLC) for the simultaneous quantification of 
the cyclic lipopeptides surfactin, iturin A and fengycin in culture 
samples of Bacillus species. J Chromatogr B 1044–1045:214–
224. https ://doi.org/10.1016/J.JCHRO MB.2016.11.013

Ghribi D, Ellouze-Chaabouni S (2011) Enhancement of Bacillus sub-
tilis lipopeptide biosurfactants production through optimization 
of medium composition and adequate control of aeration. Bio-
technol Res Int 2011:1–6. https ://doi.org/10.4061/2011/65365 4

Godoy CV, Seixas CDS, Soares RM et al (2016) Asian soybean rust in 
Brazil: past, present, and future. Pesqui Agropecu Bras 51:407–
421. https ://doi.org/10.1590/S0100 -204X2 01600 05000 02

Gond SK, Bergen MS, Torres MS, White JF Jr (2015) Endophytic 
Bacillus spp. produce antifungal lipopeptides and induce host 
defence gene expression in maize. Microbiol Res 172:79–87. 
https ://doi.org/10.1016/J.MICRE S.2014.11.004

Gong AD, Li HP, Yuan QS et al (2015) Antagonistic mechanism of 
iturin a and plipastatin a from Bacillus amyloliquefaciens S76–3 
from wheat spikes against Fusarium graminearum. PLoS ONE 
10:1–18. https ://doi.org/10.1371/journ al.pone.01168 71

Gong G, Liu Q, Yuan C, et al (2007) Preparation method and usage 
for novel lipopeptide type biosurfactant surfactin. CN patent 
101041846-A

Gong Q, Zhang C, Lu F et al (2014) Identification of bacillomy-
cin D from Bacillus subtilis fmbJ and its inhibition effects 
against Aspergillus flavus. Food Control 36:8–14. https ://doi.
org/10.1016/j.foodc ont.2013.07.034

Guilhabert-Goya M, Margolis JS (2012) Synergistic combinations 
of polyene fungicides and non-ribosomal peptides and related 
methods of use. International application published under the 
patent cooperation treaty (PCT) WO2012162412-A2

Guo Q, Weixin D, Shezeng L et al (2013) Fengycin produced by 
Bacillus subtilis NCD-2 plays a major role in biocontrol of cot-
ton seedling damping-off disease. Microbiol Res 169:533–540. 
https ://doi.org/10.1016/S0020 -7462(02)00193 -2

He W, Ran W, Wu Y (2015) Lipopeptide and nano-titania compound 
preparation and preparation method and application thereof. 
CN patent 105494431-A

Hexima (2016) DuPont Pioneer and Hexima Collaboration Achieves 
Significant Milestone. Hexima. https ://hexim a.com.au/dupon 

t-pione er-hexim a-colla borat ion-achie ves-signi fican t-miles tone/. 
Accessed 05 January 2020

Hoefler BC, Gorzelnik KV, Yang JY et al (2012) Enzymatic resist-
ance to the lipopeptide surfactin as identified through imaging 
mass spectrometry of bacterial competition. Proc Natl Acad Sci 
109:13082–13087. https ://doi.org/10.1073/pnas.12055 86109 

Hopkins M (2015) DuPont acquires taxon biosciences. Croplife. https ://
www.cropl ife.com/crop-input s/dupon t-acqui res-taxon -biosc ience 
s/. Accessed 05 January 2020

Huang H, Jiang L, Li S, Liu Q (2014) Bacillus subtilis strain and appli-
cations thereof. CN patent 103865855-A

Jarrell KA, Reznik G, Pynn MA, Sitnik JD (2010) Growth of microor-
ganisms in cellulosic media. International application published 
under the patent cooperation treaty (PCT) WO2010039539-A2

Jemil N, Manresa A, Rabanal F et al (2017) Structural characterization 
and identification of cyclic lipopeptides produced by Bacillus 
methylotrophicus DCS1 strain. J Chromatogr B Anal Technol 
Biomed Life Sci 1060:374–386. https ://doi.org/10.1016/j.jchro 
mb.2017.06.013

Jiang J, Gao L, Bie X et al (2016) Identification of novel surfactin 
derivatives from NRPS modification of Bacillus subtilis and its 
antifungal activity against Fusarium moniliforme. BMC Micro-
biol 16:31. https ://doi.org/10.1186/s1286 6-016-0645-3

Kajimura Y, Sugiyaman M, Kaneda M (1995) Bacillopeptins, new 
cyclic lipopeptide antibiotics from Bacillus subtilis FR-2 
taxonomy of the producing organism. J Antibiot (Tokyo) 
48:1095–1103

Kakinuma A, Ouchida A, Shima T et al (1969) Confirmation of the 
structure of surfactin by mass spectrometry. Agric Biol Chem 
33:1669–1671. https ://doi.org/10.1080/00021 369.1969.10859 
524

Kalaitzandonakes N, Zahringer KA (2018) Structural change and inno-
vation in the global agricultural input sector. In: Kalaitzando-
nakes N, Carayannis EG, Grigoroudis E, Rozakis S (eds) From 
agriscience to agribusiness, 1st edn. Springer, Gewerbestrasse, 
pp 85–86

Kawagoe Y, Shiraishi S, Kondo H et al (2015) Cyclic lipopeptide iturin 
A structure-dependently induces defense response in Arabidopsis 
plants by activating SA and JA signaling pathways. Biochem 
Biophys Res Commun 460:1015–1020. https ://doi.org/10.1016/J.
BBRC.2015.03.143

Kawashima CG, Guimarães GA, Nogueira SR et al (2016) A pigeonpea 
gene confers resistance to Asian soybean rust in soybean. Nat 
Biotechnol 34:661–665. https ://doi.org/10.1038/nbt.3554

Keenan B, Reznik G, Jarrell K, Vishwanath P (2008) Lipopeptides 
and lipopeptide synthetases. International application published 
under the patent cooperation treaty (PCT) WO2008131014-A1

Kijlstra J, Namnath JS, Pontzen R, et al (2015) Compositions and 
methods for controlling fungal and bacterial diseases in plants. 
International application published under the patent cooperation 
treaty (PCT) WO2015184170-A1

Kling J (2012) Bayer acquisition spotlights biopesticides. Nat Biotech-
nol 30:810–810. https ://doi.org/10.1038/nbt09 12-810a

Lereclus D, Jacques P, Gohar M, et al (2017) Genetically modified bac-
terial strain producing kurstakin in the culture medium. Interna-
tional application published under the patent cooperation treaty 
(PCT) WO2017125583-A1

Li H, Liu C, Xue Y (2011) Mutant capable of raising cyclic lipopep-
tides antibiotic output by using RNA polymerase mutation, its 
preparation method and its application. CN patent 102492639-A

Li M-J, Yang Q, Shao F-J, Lu D-N (2011) The production of lipopep-
tides by Bacillus subtilis with desizing wastewater and applica-
tion in soaping process. J Appl Polym Sci 121:1640–1646. https 
://doi.org/10.1002/app.33731 

https://www.corteva.com/resources/media-center/dow-agrosciences-radiant-genomics-expand-collaboration-focused-on-natural-products-for-crop-protection.html
https://www.corteva.com/resources/media-center/dow-agrosciences-radiant-genomics-expand-collaboration-focused-on-natural-products-for-crop-protection.html
https://www.corteva.com/resources/media-center/dow-agrosciences-radiant-genomics-expand-collaboration-focused-on-natural-products-for-crop-protection.html
https://www.corteva.com/resources/media-center/dow-agrosciences-radiant-genomics-expand-collaboration-focused-on-natural-products-for-crop-protection.html
https://www.evolva.com/press/evolva-and-valent-biosciences-to-co-develop-agricultural-bioactives/
https://www.evolva.com/press/evolva-and-valent-biosciences-to-co-develop-agricultural-bioactives/
https://www.evolva.com/press/evolva-and-valent-biosciences-to-co-develop-agricultural-bioactives/
https://doi.org/10.1111/mpp.12170
https://doi.org/10.1111/mpp.12170
https://doi.org/10.1186/s12934-018-0929-4
https://doi.org/10.1186/s12934-018-0929-4
https://doi.org/10.1038/srep38467
https://doi.org/10.1111/1751-7915.12028
https://doi.org/10.1111/1751-7915.12028
https://doi.org/10.1016/J.JCHROMB.2016.11.013
https://doi.org/10.4061/2011/653654
https://doi.org/10.1590/S0100-204X2016000500002
https://doi.org/10.1016/J.MICRES.2014.11.004
https://doi.org/10.1371/journal.pone.0116871
https://doi.org/10.1016/j.foodcont.2013.07.034
https://doi.org/10.1016/j.foodcont.2013.07.034
https://doi.org/10.1016/S0020-7462(02)00193-2
https://hexima.com.au/dupont-pioneer-hexima-collaboration-achieves-significant-milestone/
https://hexima.com.au/dupont-pioneer-hexima-collaboration-achieves-significant-milestone/
https://doi.org/10.1073/pnas.1205586109
https://www.croplife.com/crop-inputs/dupont-acquires-taxon-biosciences/
https://www.croplife.com/crop-inputs/dupont-acquires-taxon-biosciences/
https://www.croplife.com/crop-inputs/dupont-acquires-taxon-biosciences/
https://doi.org/10.1016/j.jchromb.2017.06.013
https://doi.org/10.1016/j.jchromb.2017.06.013
https://doi.org/10.1186/s12866-016-0645-3
https://doi.org/10.1080/00021369.1969.10859524
https://doi.org/10.1080/00021369.1969.10859524
https://doi.org/10.1016/J.BBRC.2015.03.143
https://doi.org/10.1016/J.BBRC.2015.03.143
https://doi.org/10.1038/nbt.3554
https://doi.org/10.1038/nbt0912-810a
https://doi.org/10.1002/app.33731
https://doi.org/10.1002/app.33731


 Planta (2020) 251:70

1 3

70 Page 14 of 15

Lin L, Qiao Y, Sun Y, Zhang X, Zhou Y (2009) Antibacterial lipopep-
tide of endophytic Bacillus subtilis and separation and purifica-
tion method. CN patent 101724014-A

Liu H, Gao L, Han J et al (2016) Biocombinatorial synthesis of novel 
lipopeptides by COM domain-mediated reprogramming of the 
plipastatin NRPS complex. Front Microbiol 7:1801. https ://doi.
org/10.3389/fmicb .2016.01801 

Liu L, Wang N, Xu Y, et al (2009) Method for separating and purifying 
antifungal lipopeptide. CN patent 101851654-A

Lu JK (2015) A method of semi-solid state fermentation for producing 
surfactin from a mutant strain of Bacillus subtilis subsp. Interna-
tional application published under the patent cooperation treaty 
(PCT) WO2016179735-A1

Lucas JA, Hawkins NJ, Fraaije BA (2015) The evolution of fungi-
cide resistance. Adv Appl Microbiol 90:29–92. https ://doi.
org/10.1016/BS.AAMBS .2014.09.001

Luo C, Zhou H, Zou J et al (2015) Bacillomycin L and surfactin con-
tribute synergistically to the phenotypic features of Bacillus 
subtilis 916 and the biocontrol of rice sheath blight induced by 
Rhizoctonia solani. Appl Microbiol Biotechnol 99:1897–1910. 
https ://doi.org/10.1007/s0025 3-014-6195-4

Ma Z, Wang N, Hu J, Wang S (2012) Isolation and characterization of 
a new iturinic lipopeptide, mojavensin A produced by a marine-
derived bacterium Bacillus mojavensis B0621A. J Antibiot 
(Tokyo) 65:317–322. https ://doi.org/10.1038/ja.2012.19

Malfanova N, Franzil L, Lugtenberg B et al (2012) Cyclic lipopeptide 
profile of the plant-beneficial endophytic bacterium Bacillus sub-
tilis HC8. Arch Microbiol 194:893–899. https ://doi.org/10.1007/
s0020 3-012-0823-0

Mejri S, Siah A, Coutte F et al (2017) Biocontrol of the wheat patho-
gen Zymoseptoria tritici using cyclic lipopeptides from Bacillus 
subtilis. Environ Sci Pollut Res. https ://doi.org/10.1007/s1135 
6-017-9241-9

Mhammedi A, Peypoux F, Besson F, Michel G (1982) Bacillomycin F, 
a new antibiotic of iturin group: isolation and characterization. J 
Antibiot (Tokyo) 35:306–311. https ://doi.org/10.7164/antib iotic 
s.35.306

Mnif I, Hammami I, Triki MA et al (2015) Antifungal efficiency of a 
lipopeptide biosurfactant derived from Bacillus subtilis SPB1 
versus the phytopathogenic fungus, Fusarium solani. Environ 
Sci Pollut Res 22:18137–18147. https ://doi.org/10.1007/s1135 
6-015-5005-6

Najafi AR, Rahimpour MR, Jahanmiri AH et al (2010) Enhancing 
biosurfactant production from an indigenous strain of Bacillus 
mycoides by optimizing the growth conditions using a response 
surface methodology. Chem Eng J 163:188–194. https ://doi.
org/10.1016/j.cej.2010.06.044

Naruse N, Tenmyo O, Kobaru S et al (1990) Pumilacidin, a complex 
of new antiviral antibiotics. Production, isolation, chemical 
properties, structure and biological activity. J Antibiot (Tokyo) 
43:267–280

Novozymes (2016) Monsanto interview: Accelerating BioAg with 
Acceleron B-300 SAT. Novozymes. https ://www.novoz ymes.
com/pt/news/news-archi ve/2016/12/accel erati ng-bioag -with-
accel eron-b-300-sat-monsa nto-inter view. Accessed 05 January 
2020

Olson S (2015) An analysis of the biopesticide market now and where 
it is going. Outlooks Pest Manag 26:203–206. https ://doi.
org/10.1564/v26_oct_04

Ongena M, Jacques P (2008) Bacillus lipopeptides: versatile weapons 
for plant disease biocontrol. Trends Microbiol 16:115–125. https 
://doi.org/10.1016/j.tim.2007.12.009

Pathak K V, Keharia H (2014) Identification of surfactins and iturins 
produced by potent fungal antagonist, Bacillus subtilis K1 iso-
lated from aerial roots of banyan (Ficus benghalensis) tree using 

mass spectrometry. 3 Biotech 4:283–295. https ://doi.org/10.1007/
s1320 5-013-0151-3

Perez KJ, Viana JD, Lopes FC et al (2017) Bacillus spp. isolated from 
puba as a source of biosurfactants and antimicrobial lipopep-
tides. Front Microbiol 8:1–14. https ://doi.org/10.3389/fmicb 
.2017.00061 

Peypoux F, Pommier MT, Das BC et al (1984) Structures of bacillomy-
cin D and bacillomycin L peptidolipid antibiotics from Bacillus 
subtilis. J Antibiot (Tokyo) 37:1600–1604

Peypoux F, Pommier MT, Marion D et al (1986) Revised structure of 
mycosubtilin, a peptidolipid antibiotic from Bacillus subtilis. J 
Antibiot (Tokyo) 39:636–641

Pretorius D, van Rooyen J, Clarke KG (2015) Enhanced production of 
antifungal lipopeptides by Bacillus amyloliquefaciens for bio-
control of postharvest disease. N Biotechnol 32:243–252. https 
://doi.org/10.1016/j.nbt.2014.12.003

Raaijmakers JM, de Bruijn I, Nybroe O, Ongena M (2010) Natural 
functions of lipopeptides from Bacillus and Pseudomonas: More 
than surfactants and antibiotics. FEMS Microbiol Rev 34:1037–
1062. https ://doi.org/10.1111/j.1574-6976.2010.00221 .x

Rahman A, Uddin W, Wenner NG (2015) Induced systemic resistance 
responses in perennial ryegrass against Magnaporthe oryzae 
elicited by semi-purified surfactin lipopeptides and live cells of 
Bacillus amyloliquefaciens. Mol Plant Pathol 16:546–558. https 
://doi.org/10.1111/mpp.12209 

Rangarajan V, Dhanarajan G, Kumar R et al (2012) Time-dependent 
dosing of Fe2+ for improved lipopeptide production by marine 
Bacillus megaterium. J Chem Technol Biotechnol 87:1661–1669. 
https ://doi.org/10.1002/jctb.3814

Roongsawang N, Washio K, Morikawa M (2010) Diversity of non-
ribosomal peptide synthetases involved in the biosynthesis of 
lipopeptide biosurfactants. Int J Mol Sci 12:141–172. https ://doi.
org/10.3390/ijms1 20101 41

Sa’Pinto M, Blekinsop P, Massy-Beresford H (2012) Syngenta pays 
hefty premium to snap up Devgen. Reuter. https ://www.reute 
rs.com/artic le/us-devge n-synge nta/synge nta-pays-hefty -premi 
um-to-snap-up-devge n-idUSB RE88K 07G20 12092 1. Accessed 
05 January 2020

Singh BK (2017) Creating new business, economic growth and 
regional prosperity through microbiome-based products in the 
agriculture industry. Microb Biotechnol 10:224–227. https ://doi.
org/10.1111/1751-7915.12698 

Soares MA, Li HY, Bergen M et al (2016) Functional role of an endo-
phytic Bacillus amyloliquefaciens in enhancing growth and dis-
ease protection of invasive English ivy (Hedera helix L.). Plant 
Soil 405:107–123. https ://doi.org/10.1007/s1110 4-015-2638-7

Song B, Rong Y-J, Zhao M-X, Chi Z-M (2013) Antifungal activity of 
the lipopeptides produced by Bacillus amyloliquefaciens anti-
CA against Candida albicans isolated from clinic. Appl Micro-
biol Biotechnol 97:7141–7150. https ://doi.org/10.1007/s0025 
3-013-5000-0

Stein T (2005) Bacillus subtilis antibiotics: structures, syntheses and 
specific functions. Mol Microbiol 56:845–857. https ://doi.org/1
0.1111/j.1365-2958.2005.04587 .x

Symmank H, Franke P, Saenger W, Bernhard F (2002) Modification of 
biologically active peptides: production of a novel lipohexapep-
tide after engineering of Bacillus subtilis surfactin synthetase. 
Protein Eng Des Sel 15:913–921. https ://doi.org/10.1093/prote 
in/15.11.913

Tao L, Tian L, Li Y, et al (2009) Preparation of cyclic lipopeptide com-
pound and application thereof. CN patent 101838314-B

Thomas DW, Ito T (1969) The revised structure of the peptide anti-
biotic esperin, established by mass spectrometry. Tetrahedron 
25:1985–1990

https://doi.org/10.3389/fmicb.2016.01801
https://doi.org/10.3389/fmicb.2016.01801
https://doi.org/10.1016/BS.AAMBS.2014.09.001
https://doi.org/10.1016/BS.AAMBS.2014.09.001
https://doi.org/10.1007/s00253-014-6195-4
https://doi.org/10.1038/ja.2012.19
https://doi.org/10.1007/s00203-012-0823-0
https://doi.org/10.1007/s00203-012-0823-0
https://doi.org/10.1007/s11356-017-9241-9
https://doi.org/10.1007/s11356-017-9241-9
https://doi.org/10.7164/antibiotics.35.306
https://doi.org/10.7164/antibiotics.35.306
https://doi.org/10.1007/s11356-015-5005-6
https://doi.org/10.1007/s11356-015-5005-6
https://doi.org/10.1016/j.cej.2010.06.044
https://doi.org/10.1016/j.cej.2010.06.044
https://www.novozymes.com/pt/news/news-archive/2016/12/accelerating-bioag-with-acceleron-b-300-sat-monsanto-interview
https://www.novozymes.com/pt/news/news-archive/2016/12/accelerating-bioag-with-acceleron-b-300-sat-monsanto-interview
https://www.novozymes.com/pt/news/news-archive/2016/12/accelerating-bioag-with-acceleron-b-300-sat-monsanto-interview
https://doi.org/10.1564/v26_oct_04
https://doi.org/10.1564/v26_oct_04
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1016/j.tim.2007.12.009
https://doi.org/10.1007/s13205-013-0151-3
https://doi.org/10.1007/s13205-013-0151-3
https://doi.org/10.3389/fmicb.2017.00061
https://doi.org/10.3389/fmicb.2017.00061
https://doi.org/10.1016/j.nbt.2014.12.003
https://doi.org/10.1016/j.nbt.2014.12.003
https://doi.org/10.1111/j.1574-6976.2010.00221.x
https://doi.org/10.1111/mpp.12209
https://doi.org/10.1111/mpp.12209
https://doi.org/10.1002/jctb.3814
https://doi.org/10.3390/ijms12010141
https://doi.org/10.3390/ijms12010141
https://www.reuters.com/article/us-devgen-syngenta/syngenta-pays-hefty-premium-to-snap-up-devgen-idUSBRE88K07G20120921
https://www.reuters.com/article/us-devgen-syngenta/syngenta-pays-hefty-premium-to-snap-up-devgen-idUSBRE88K07G20120921
https://www.reuters.com/article/us-devgen-syngenta/syngenta-pays-hefty-premium-to-snap-up-devgen-idUSBRE88K07G20120921
https://doi.org/10.1111/1751-7915.12698
https://doi.org/10.1111/1751-7915.12698
https://doi.org/10.1007/s11104-015-2638-7
https://doi.org/10.1007/s00253-013-5000-0
https://doi.org/10.1007/s00253-013-5000-0
https://doi.org/10.1111/j.1365-2958.2005.04587.x
https://doi.org/10.1111/j.1365-2958.2005.04587.x
https://doi.org/10.1093/protein/15.11.913
https://doi.org/10.1093/protein/15.11.913


Planta (2020) 251:70 

1 3

Page 15 of 15 70

Thompson A (2012) Syngenta snaps up US biotech company Pasteuria. 
Reuters. https ://www.reute rs.com/artic le/synge nta-idUSA SA04U 
7W201 20919 . Accessed 05 January 2020

Torres MJ, Pérez Brandan C, Sabaté DC et al (2017) Biological activity 
of the lipopeptide-producing Bacillus amyloliquefaciens PGP-
BacCA1 on common bean Phaseolus vulgaris L. pathogens. 
Biol Control 105:93–99. https ://doi.org/10.1016/j.bioco ntrol 
.2016.12.001

Trischman JA, Jensen PR, Fenical W (1994) Halobacillin: a cytotoxic 
cyclic acylpeptide of the iturin class produced by a marine Bacil-
lus. Tetrahedron Lett 35:5571–5574

Umezawa H, Aoyagi T, Nishikiori T et al (1986) Plipastatins: new 
inhibitors of phospholipase A2, produced by Bacillus Cereus 
BMG302-fF67. J Antibiot (Tokyo) 39:737–744

Vanittanakom N, Loeffler W, Koch U, Jung G (1986) Fengycin—a 
novel antifungal lipopeptide antibiotic produced by Bacillus sub-
tilis F-29-3. J Antibiot (Tokyo) 39:888–901

Wang S, Chen L, Li C, et al (2013) Biocontrol microorganism capable 
of generating plant pathogenic fungi-resistant lipopeptide, and 
applications of pesticide preparation of biocontrol microorgan-
ism. CN patent 104232499-A

Weber GH, Mygind T, Benfeldt C (2013) Composition. International 
application published under the patent cooperation treaty (PCT) 
WO2013126387-A2

Xu Z, Shao J, Li B et al (2013) Contribution of bacillomycin D in 
Bacillus amyloliquefaciens SQR9 to antifungal activity and bio-
film formation. Appl Environ Microbiol 79:808–815. https ://doi.
org/10.1128/AEM.02645 -12

Yamamoto S, Shiraishi S, Suzuki S (2015) Are cyclic lipopeptides 
produced by Bacillus amyloliquefaciens S13–3 responsible for 
the plant defence response in strawberry against Colletotrichum 
gloeosporioides? Lett Appl Microbiol 60:379–386. https ://doi.
org/10.1111/lam.12382 

Yánez-Mendizábal V, Viñas I, Usall J et al (2012a) Production of the 
postharvest biocontrol agent Bacillus subtilis CPA-8 using low 
cost commercial products and by-products. Biol Control 60:280–
289. https ://doi.org/10.1016/j.bioco ntrol .2011.12.001

Yánez-Mendizábal V, Zeriouh H, Viñas I et al (2012b) Biological control 
of peach brown rot (Monilinia spp.) by Bacillus subtilis CPA-8 
is based on production of fengycin-like lipopeptides. Eur J Plant 
Pathol 132:609–619. https ://doi.org/10.1007/s1065 8-011-9905-0

Yang H, Li X, Li X et al (2015) Identification of lipopeptide isoforms 
by MALDI-TOF-MS/MS based on the simultaneous purifica-
tion of iturin, fengycin, and surfactin by RP-HPLC. Anal Bio-
anal Chem 407:2529–2542. https ://doi.org/10.1007/s0021 
6-015-8486-8

Yang L, Han X, Zhang F et al (2018) Screening Bacillus species as bio-
logical control agents of Gaeumannomyces graminis var. Tritici 
on wheat Biol Control 118:1–9. https ://doi.org/10.1016/j.bioco 
ntrol .2017.11.004

Zeriouh H, de Vicente A, Pérez-García A, Romero D (2014) Surfactin 
triggers biofilm formation of Bacillus subtilis in melon phyllo-
plane and contributes to the biocontrol activity. Environ Micro-
biol 16:2196–2211. https ://doi.org/10.1111/1462-2920.12271 

Zhang DD, Guo XJ, Wang YJ et al (2017) Novel screening strategy 
reveals a potent Bacillus antagonist capable of mitigating wheat 
take-all disease caused by Gaeumannomyces graminis var. trit-
ici. Lett Appl Microbiol 65:512–519. https ://doi.org/10.1111/
lam.12809 

Zhang X, Li B, Wang Y et al (2013) Lipopeptides, a novel protein, 
and volatile compounds contribute to the antifungal activity of 
the biocontrol agent Bacillus atrophaeus CAB-1. Appl Micro-
biol Biotechnol 97:9525–9534. https ://doi.org/10.1007/s0025 
3-013-5198-x

Zhao Q, Ran W, Wang H et al (2013) Biocontrol of Fusarium wilt 
disease in muskmelon with Bacillus subtilis Y-IVI. Biocontrol 
58:283–292. https ://doi.org/10.1007/s1052 6-012-9496-5

Zihalirwa ZK, Arias AA, Franzil L et al (2017) Stimulation of Fengycin-
Type antifungal lipopeptides in Bacillus amyloliquefaciens in the 
presence of the maize fungal pathogen Rhizomucor variabilis. 
Front Microbiol 8:850. https ://doi.org/10.3389/fmicb .2017.00850 

Zune Q, Soyeurt D, Toye D et al (2014) High-energy X-ray tomography 
analysis of a metal packing biofilm reactor for the production of 
lipopeptides by Bacillus subtilis. J Chem Technol Biotechnol 
89:382–390. https ://doi.org/10.1002/jctb.4128

Publisher’s Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://www.reuters.com/article/syngenta-idUSASA04U7W20120919
https://www.reuters.com/article/syngenta-idUSASA04U7W20120919
https://doi.org/10.1016/j.biocontrol.2016.12.001
https://doi.org/10.1016/j.biocontrol.2016.12.001
https://doi.org/10.1128/AEM.02645-12
https://doi.org/10.1128/AEM.02645-12
https://doi.org/10.1111/lam.12382
https://doi.org/10.1111/lam.12382
https://doi.org/10.1016/j.biocontrol.2011.12.001
https://doi.org/10.1007/s10658-011-9905-0
https://doi.org/10.1007/s00216-015-8486-8
https://doi.org/10.1007/s00216-015-8486-8
https://doi.org/10.1016/j.biocontrol.2017.11.004
https://doi.org/10.1016/j.biocontrol.2017.11.004
https://doi.org/10.1111/1462-2920.12271
https://doi.org/10.1111/lam.12809
https://doi.org/10.1111/lam.12809
https://doi.org/10.1007/s00253-013-5198-x
https://doi.org/10.1007/s00253-013-5198-x
https://doi.org/10.1007/s10526-012-9496-5
https://doi.org/10.3389/fmicb.2017.00850
https://doi.org/10.1002/jctb.4128

	Bacillus lipopeptides as powerful pest control agents for a more sustainable and healthy agriculture: recent studies and innovations
	Abstract
	Main conclusion 
	Abstract 

	Introduction
	Risk of pesticide resistance around the world and significance of LPs on the pesticide market
	Recent studies about Bacillus LPs and their use in agriculture
	Production and recovery
	LPs and their producers’ application in agriculture
	Induced systemic resistance in plants
	Biofilm formation induced by LPs
	NRPS engineering

	Recent technologies
	Conclusions
	Acknowledgements 
	References




