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ABSTRACT 

In nature, microorganisms are inhabiting nearly all ecological niches on Earth, where 
they live in complex communities and interact with other organisms and their environ-
ment. These intra- and interspecies or even interkingdom interactions can be beneficial, 
neutral or antagonistic for each of the partners. It is believed that a variety of these inter-
actions are mediated by secondary metabolites. These small molecules are unlike pri-
mary metabolites not directly involved in growth and proliferation of the producing 
organism but might fulfil tasks, which improve their fitness, such as communication, 
nutrient acquisition or competitive inhibition, in the given environment. Under labora-
tory conditions, it has been shown that secondary metabolites greatly impact microbial 
interactions. Noteworthy, humans have already benefitted from several applications of 
them since their discovery. The first described microbial secondary metabolites, such as 
antibiotics, have revolutionised medicine and disease treatments and consequently tre-
mendously increased life expectancy of both humans and farm animals. Additionally, 
the use of secondary metabolites-producing bacteria as biocontrol agents or probiotics 
have improved plant, livestock as well as human health. However, besides their primarily 
in vitro observed antimicrobial effects, our understanding of the true ecological role of 
these molecules is still limited. 
 
Members of the genus Bacillus have beneficial properties by promoting plant growth and 
improving plant health by antagonising plant pathogenic fungi and bacteria. This Ph.D. 
project investigated in six separate publications the influence of secondary metabolites 
from Bacillus species, especially Bacillus subtilis, on plant pathogenic fungi, bacterial com-
munities and cell differentiation. 
 
Study 1 revealed that the antifungal potential of 23 B. subtilis strains, isolated from 11 
different environments, varied among co-isolated strains due to differences in the pro-
duction of nonribosomal peptides. A mutant-based screening highlighted that the bio-
control properties of B. subtilis depend on both the tested bacterial strain and the targeted 
fungal plant pathogen. We demonstrated that the nonribosomal peptide plipastatin is 
sufficient to inhibit Fusarium species (spp.), whereas, a combination of plipastatin and 
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surfactin was essential in the majority of B. subtilis strains for a strong inhibition of 
Botrytis cinerea. Genomic data of selected B. subtilis strains, obtained from study 2, allowed 
us to identify either missing core genes, a nonsense mutation, or potentially altered gene 
regulation as the cause for interrupted or altered nonribosomal peptide production. Fur-
thermore, we could demonstrate that these B. subtilis isolates harboured core bio-
synthetic gene clusters present in nearly all isolates and distinct accessory biosynthetic 
gene clusters present in only some of them. 
 
Study 3 highlighted that nonribosomal peptides of B. subtilis had only minor effects on 
soil-derived semi-synthetic bacterial mock communities but influenced the frequency of 
the closely related genera Lysinibacillus and Viridibacillus. Moreover, we could determine 
the susceptibility of Lysinibacillus fusiformis M5 towards surfactin.  
 
Study 4 exhibited that the excellent antifungal properties of Bacillus velezensis DTU001, 
depend primarily on the produced nonribosomal peptide iturin, but a crude extract con-
taining at least iturins, fengycins and surfactins was most bioactive against the targeted 
human and plant pathogenic fungi. 
 
Study 5 demonstrated that in the laboratory strain B. subtilis NCIB 3610, genes encoding 
for matrix components and that are necessary for biofilm formation and plant root col-
onisation are as well crucial for colonisation of fungal hyphae of the Ascomycota 
Aspergillus niger and the Basidiomycota Agaricus bisporus. 
 
Study 6 revealed that the presence of surfactin is not necessary for biofilm formation and 
plant root colonisation in B. subtilis NCBI 3610 and various B. subtilis environmental 
strains, as claimed in previous studies. 
 
In conclusion, this Ph.D. study highlights the coexistence of B. subtilis nonribosomal pep-
tide producer and non-producer strains in ecological niches and the associated diversity 
in antifungal potential. Additionally, it reveals the impact of nonribosomal peptide mix-
tures on both bacterial communities and pathogenic fungi. Furthermore, surfactin 
production and biofilm formation are both essential for biocontrol properties but should 
be considered as two independent processes in B. subtilis.   
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DANSK RESUMÉ 

I naturen bebor mikroorganismer omtrent alle økologiske nicher på Jorden, hvor de bor 
i komplekse samfund og interagerer med andre organismer og deres miljø. Disse inter-
aktioner indenfor og mellem arter eller endda mellem kongeriger kan være gavnlige, 
neutrale eller antagonistiske for hver af partnerne. Det antages, at en bred vifte af disse 
interaktioner er forårsaget af sekundære metabolitter. Disse små molekyler er i modsæt-
ning til primære metabolitter ikke direkte involveret i vækst og profilering af den produ-
cerende organisme, men formodes at udføre opgaver, der forbedrer organismens fitness, 
såsom kommunikation, næringsstofoptag eller konkurrencedygtig inhibering, i det givne 
miljø. Under laboratorieforhold har det vist sig, at sekundære metabolitter i høj grad 
påvirker mikrobielle interaktioner. Bemærkelsesværdigt har mennesket kunne drage 
fordel af flere anvendelser af dem siden deres opdagelse. De første beskrevne mikrobielle 
sekundære metabolitter, såsom antibiotika, har revolutioneret medicin og behandlingen 
af sygdomme, og som følge deraf øget den forventede levetid for både mennesker og 
husdyr enormt. Derudover har brugen af bakterier, der producerer sekundære metabo-
litter, som biokontrolmidler eller probiotika forbedret sundheden af planter, husdyr og 
mennesker. Ud over deres primært in vitro observerede antimikrobielle virkninger, er 
vores forståelse af den sande økologiske rolle af disse molekyler dog stadig begrænset.  
 
Medlemmer af slægten Bacillus udviser gavnlige egenskaber ved at fremme plantevækst 
og forbedre plantesundheden ved at antagonisere plantepatogene svampe og bakterier. 
Dette ph.d.-projekt har i seks separate publikationer undersøgt indflydelsen af sekundære 
metabolitter fra Bacillus arter, især Bacillus subtilis, på plantepatogene svampe, bakterie-
samfund og celledifferentiering.  
 
Studie 1 afslørede, at antisvamp-potentialet af 23 B. subtilis stammer, isoleret fra 11 for-
skellige miljøer, varierede bandt co-isolerede stammer på grund af forskelle i 
produktionen af non-ribosomale peptider. En mutantbaseret screening fremhævede, at 
biokontrolegenskaberne hos B. subtilis både afhænger af den testede bakteriestamme og 
den målrettede plantepatogene svamp. Vi demonstrerede at det non-ribosomale peptid 
plipastatin er tilstrækkeligt til at hæmme Fusarium spp., hvorimod en kombination af 
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plipastatin og surfactin var essentiel i størstedelen af B. subtilis stammerne for at opnå en 
stærk inhibering af Botrytis cinerea. Genomisk data fra udvalgte B. subtilis stammer, opnået 
fra studium 2, tillod os at identificere enten manglende kernegener, en nonsensmutation 
eller potentielt ændret genregulering som årsagen til den afbrudte eller ændrede non-
ribosomale peptidproduktion. Desuden kunne vi demonstrere, at disse B. subtilis isolater 
besidder kerne biosyntetiske genklynger, der er til stede i næsten alle isolaterne, samt 
forskellige tilbehørs-biosyntetiske genklynger, der kun findes i nogle af dem. 
 
Studie 3 fremhævede, at non-ribosomale peptider fra B. subtilis kun havde mindre effek-
ter på semi-syntetiske bakterielle mock-samfund afledt fra jordprøver, men påvirkede 
frekvensen af de nærtbeslægtede slægter Lysinibacillus and Viridibacillus. Desuden kunne vi 
bestemme modtageligheden af Lysinibacillus fusiformis M5 over for surfactin.  
 
Studie 4 viste, at de fremragende antisvamp-egenskaber af Bacillus velezensis DTU001 
primært afhænger af det producerede non-ribosomale peptid iturin, men at et råekstrakt 
indeholdende mindst ituriner, fengyciner og surfactiner, var mest bioaktivt mod de mål-
rettede human- og plantepatogene svampe.  
 
Studie 5 demonstrerede, at i laboratoriestammen B. subtilis NCIB 3610 er gener, der 
koder for matrix-komponenter og som er nødvendige for dannelse af biofilm og koloni-
sering af planterødder, også vigtige for kolonisering af svampehyfer af Ascomycotaen 
Aspergillus niger og Basidiomycotaen Agaricus bisporus.  
 
Studie 6 afslørede, at tilstedeværelsen af surfactin ikke er nødvendig for biofilmdannelse 
og planterodskolonisering i B. subtilis NCBI 3610 og forskellige B. subtilis miljøstammer, 
som ellers påstået i tidligere studier.  
 
For at opsummere fremhæver dette ph.d.-projekt sameksistensen af B. subtilis non-
ribosomale peptidproducerende og ikke-producerende stammer i økologiske nicher og 
den associerede diversitet i antisvamp-potentialet. Derudover afslører projektet effekten 
af non-ribosomale peptidblandinger på både bakteriesamfund og patogene svampe. 
Desuden er både produktion af surfactin og biofilmdannelse vigtige for biokontrolegen-
skaber men bør betragtes som to uafhængige processer i B. subtilis. 
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PROJECT AIMS AND STRUCTURE OF THE THESIS 

The overall aim of the thesis was to strengthen our knowledge and understanding of 
ecological functions of secondary metabolites from Bacillus species. We employed various 
approaches, such as genomic prediction and chemical profiling to detect secondary 
metabolites from them and revealed their role in the ecology of the producer strain, 
including biofilm formation and interaction with various fungi and bacteria. 
 
The main questions were:  
1) How is the diversity and the in situ secondary metabolite potential of B. subtilis in 
specific ecological niches? 
 
2) How does of secondary metabolites from B. subtilis influence microbial diversity and 
functionality of a community? 
 
 
The thesis is structured in 7 chapters: 
 
Chapter 1 gives a brief introduction to approaches including secondary metabolites 
and describes the rhizosphere as a microbial hotspot for microbial interactions. 

Chapter 2 includes a general introduction to bacterial secondary metabolites and 
their ecological functions. 

Chapter 3 focuses on the genus Bacillus and especially on members of the B. subtilis 
group. 

Chapter 4 highlights secondary metabolites of B. subtilis and their diversity and 
potential on plant pathogenic fungi and bacterial communities. 

Chapter 5 gives a general introduction to microbial biofilms and describes the impact 
of secondary metabolites on biofilm formation. 

Chapter 6 includes the final remarks and perspectives of the Ph.D. thesis. 

Chapter 7 encloses the full-length research articles included in this Ph.D. thesis 
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CHAPTER 1 | INTRODUCTION 

The human population counts in September 2020 7.8 billion people and the United 
Nations expects that it will reach 9.7 billion in the year 2050 (1). Alexandratos and 
Bruinsma (2012) emphasize that this increase is causing a 60 % higher demand for all 
agricultural products at this time compared to the year 2005. Furthermore, they mention 
that arable land on Earth is limited, and already nowadays, 38 % of the terrestrial area 
of the Earth is used for agriculture (2). Additionally, the increasing world population will 
also claim landmass for other anthropogenic needs, like urban development and infra-
structure, which conflicts with land assigned to agricultural usage (3). Abiotic stress (heat, 
cold, drought and flooding), low soil quality or plant diseases are very often challenging 
the cultivation and yields of basic crops, like cereals, legumes or potatoes (4). To coun-
teract yield loss, farmers applied fertilizers and pesticides to the crops during the last 
decades, but these compounds can contaminate terrestrial and aquatic environments, 
and also affect human health (5). Furthermore, the consistent application of these chem-
icals led to pesticide resistance in major plant pathogens, bioaccumulation of pesticide 
residues in the food chain, and quality reduction of the ecosystem or human health (6).  
 
One promising alternative is the use of plant growth-promoting bacteria instead of pes-
ticides (7). These beneficial bacteria can affect directly and indirectly the plant growth 
(Figure 1) (8). Among others, plant growth-promoting bacteria can act as biofertilizers, 
since they can fix nitrogen, solubilize phosphate and make them available for plants (7). 
Moreover, they help plants to cope with abiotic stress by producing auxin and ACC 
deaminase and compete with plant pathogens for the same ecological niche, but also 
actively suppress pathogens due to the production of small bioactive compounds, so-
called secondary metabolites (7, 8). These compounds are not directly involved in the 
growth and proliferation of the producing organism but facilitate interactions with other 
microorganism and the environment (9). Bacterial secondary metabolites are described 
more in detail in chapter 2. 
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Figure 1. An illustration of the plant growth-promoting activities by PGPB. IAA indole-3-acetic acid, 
ACC 1-aminocyclopropane-1-carboxylate deaminase, GAs gibberellins, VOC volatile organic 
compounds Image from (7). 

Similar to the crop cultivation, also livestock production is affected by higher demand 
due to the increasing human population, which also makes this sector to the fastest grow-
ing agricultural subsector especially in developing countries (10, 11). However, the diet 
and husbandry practices in industrial livestock production lead to stress in the animals 
and alter the intestinal bacterial conditions, which makes the animals more susceptible 
to zoonotic bacteria causing mortality and diseases in the animals which lead to eco-
nomic losses in the industry (12). Additionally, these bacteria such as Salmonella spp. and 
Campylobacter spp. can also get into the food chain and cause foodborne-illnesses in hu-
mans (13). Instead of applying antibiotics to the animals, the use of probiotics as food 
additives is a promising alternative as well (14). Typical bacterial genera used as probi-
otics are Lactobacillus, Lactococcus, Streptococcus, and Bifidobacterium (15), furthermore, also 
some Bacillus spp. have excellent properties for this application (16, 17). Hossain et al. 
(2017) described that probiotics increase animal health by competing with pathogenic 
microorganisms for the same ecological niche and nutrients, and producing bioactive 
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secondary metabolites. These molecules target pathogens directly, preventing the adhe-
sion of pathogens to the intestinal mucosa, enhancing the epithelial barrier function and 
stimulating the host immune system (12).  
 
In applications using microorganisms as either biocontrol agents, especially biopesticides 
or probiotics, the production and secretion of secondary metabolites have an enormous 
impact. A better understanding of the natural functions of secondary metabolites is 
needed to improve these sustainable and promising alternatives.  
 
Microorganisms such as bacteria, archaea or fungi are inhabiting many different envi-
ronments on Earth. The main habitats of bacteria and archaea are the ocean, upper 
oceanic sediment, deep marine subsurface, soil and deep continental subsurface (18). 
One of these environments, which is rich in microbial interactions, is the soil and can 
help to study the ecological roles of secondary metabolites. However, the soil is a very 
complex ecosystem and can exhibit spatial variability and pedodiversity, e.g. nutrient 
availability and geochemical features (19)., A narrow region of the soil, defined as the 
rhizosphere, is close to plant roots, and thus influenced by secreted plant compounds 
such as primary metabolites (organic acids, carbohydrates, and amino acids) and sec-
ondary metabolites (alkaloids, terpenoids, and phenolics) (20). The rhizosphere can be 
defined as a microbial hotspot since this nutrient-rich, and highly competitive soil eco-
system attracts plenty of various microorganisms which consequently increases compe-
tition and interactions among not only the inhabiting but also the invading organisms 
(21).  
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Figure 2. Concept of microbial hotspots in soil: Hotspots are small soil volumes with much higher 
process rates and intensive interactions compared to the average soil conditions. The table inset 
represents the relative volume and process rates in the hotspots and bulk soil. “Mean” represents the 
weighted average process rates by soil mixing. Image from (22). 

Kuzyakov and Blagodatskaya (2015) define microbial hotspots as small soil volumes in-
dicating faster process rates and more interactions than the average soil (Figure 2). Fur-
thermore, they describe apart from the rhizosphere also the detritusphere, which is the 
area of decaying plant material, biopores from, e.g. earthworms and, aggregate surfaces 
as microbial hotspots (22). In soil, numerous environmental factors, primarily available 
carbon, limit microbial activity which leads to the fact that microorganisms are mostly 
in a dormant state but increase their activity whenever environmental factors allow it 
(22–24). These temporal phases with increased microbial activity are defined as hot mo-
ments and can take in the rhizosphere between hours and a few days (22). 
 
The next chapter will focus on bacterial secondary metabolites, especially from soil 
bacteria. 
 



Chapter 2 | Bacterial secondary metabolites 
 

 
Technical University of Denmark   | 5 

CHAPTER 2 | BACTERIAL SECONDARY METABOLITES 

Bacterial metabolism consists of primary and secondary metabolism. Primary metabo-
lites, mainly produced during exponential phase growth, are described as the intracellu-
lar molecules of life, due to their direct involvement in growth and reproduction of the 
producing bacterium and are (9). 
 
In contrast to primary metabolites, secondary metabolites are small, usually uncharged, 
non-polar molecules, thus they can easily pass the cell membranes and take effect outside 
of the cell (9). These molecules are not required for normal cell growth, but still have 
essential roles in intra- and interspecies communication, acquisition of nutrients, inhibi-
tion or other interactions with organisms or the inhabiting environment (25). These var-
ious functions of secondary metabolites made them attractive for research, especially for 
discovering new natural products (26). Noteworthy, a vast portion of drugs applied in 
human, plant or animal health are natural products or derivatives of them (27).  
 
During cell growth, the majority of primary metabolite pathways are activated, whereas, 
under standard laboratory growth conditions, many secondary metabolite pathways are 
inactive. These gene clusters, not expressed in vitro, are designated as silent or cryptic (26, 
28). During the last decade, much effort was made in awakening these gene clusters (29–
31). Some studies showed that in general, the production of natural products is increased 
in mixed fermentations and some cryptic gene clusters are only expressed in co- and 
multi-cultures (32, 33). 

2.1 Biosynthetic gene clusters 

In the production of a single secondary metabolite, several co-localised genes are in-
volved. As mentioned previously, this arrangement of genes is termed biosynthetic gene 
cluster (BGC). These genes encode for enzymes which are involved in the synthesis of 
the secondary metabolite. The pathways of secondary metabolites are independent of 
each other and only responsible for one end product, but each secondary metabolite can 
have several structural analogues (9, 34).  
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2.2 Chemical classes of secondary metabolites from soil 
bacteria 

Soil bacteria in general, consisting of highly productive Streptomyces spp. but also Bacillus 
spp. among others, which are inhabiting ecosystems like the rhizosphere, have a huge 
reservoir of various secondary metabolites (Figure 3) (35).  

 
Figure 3. Most abundant secondary metabolite categories based on the antiSMASH in silico analysis 
of 30 different whole-genome sequences of soil bacteria. 2,4-DAPG, 2,4-diacetylphloroglucinol; DMDS, 
dimethyl disulfide; NRPS, nonribosomal peptide synthetase. Image from (36). 

Well-known secondary metabolites are nonribosomal peptides, bacteriocins, polyke-
tides, terpenes and siderophores. Secondary metabolites can be generally divided into 
soluble and volatile secondary metabolites and can be produced by a single bacterial 
species (36).  
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2.2.1 Soluble secondary metabolites 

Bacteriocins are ribosomal synthesised antimicrobial peptides and produced by gram-
positive and gram-negative bacteria and by some few archaea (37). The uniqueness of 
them is their efficacy spectrum since these compounds can have either a narrow spec-
trum and targeting close related strains or a broad spectrum showing bioactivity against 
species across genera (38, 39). Bacteriocins, consisting of 20-60 amino acids, are synthe-
sised by the protein synthesis machinery, and many of them are post-translational pro-
cessed or modified by enzymes encoded by genes located in the BGC (40, 41). Their 
bioactivity is caused by the permeabilization of bacterial cell membranes and formation 
of ion-selective pores (41). 

 
Figure 4. Schematic representation of the modules and domains mediating nonribosomal peptide 
biosynthesis. The core domains for NRP biosynthesis are the adenylation (A), the peptidyl carrier 
domain (PCP), the condensation (C), and the final thioesterase (TE) domains. The auxiliary domains 
consist in cyclization (Cy), N-methylation (MT), and epimerization (E) domains. Image was adapted 
from (42). 

Another huge class of secondary metabolites are nonribosomal peptides. Finking and 
Marahiel (2004) reviewed the biosynthesis of nonribosomal peptides and described that 
these peptides are synthesised by large enzyme complexes, called nonribosomal peptide 
synthetases (NRPSs). NRPSs are arranged in modules of which each is responsible for 
the elongation by one building block (Figure 4). The biosynthesis of the most nonribo-
somal peptides is based on thiotemplates, meaning that the growing peptidyl chain is 
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linked to the peptidyl carrier protein (PCP) domain via a thioester. There are three types 
of modules, the initiation, elongation and termination modules. During the synthesis, 
the growing peptide chain is transferred from one module to the next. Moreover, each 
module consists of the proteins necessary for synthesis. The adenylation (A) domain se-
lects for the amino acid, activates it via adenylation. Afterwards, the amino acid is linked 
via thioesterfication to the PCP domain, which is responsible for the transport of the 
activated amino acid or growing peptide. The condensation (C) domain is catalysing the 
peptide bond formation. The initiation module is missing the C domain, and the elon-
gation modules can harbour optional domains effecting cyclisation, N-methylation, and 
epimerisation. The termination module has, in most cases, an additional thioesterase 
(TE) domain, responsible for the release of the product. Molecules synthesised by NRPSs 
can have unique features like fatty acids, nonproteinogenic amino acids, carboxy acids, 
heterocyclic rings or modified amino acids (43). The structures of the released peptides 
can be linear, cyclic or branched-cyclic (44). Two subclasses of nonribosomal peptides 
are siderophores and lipopeptides (36). 
 
Siderophores are iron-chelating compounds, which form ferric complexes based on their 
high affinity to ferric iron, which can be uptaken by the organisms (45). Since iron is not 
bioavailable in aerobic ecosystems, the production of these compounds is widespread 
among microorganisms (46).  
 
Lipopeptides are another subclass of bacterial nonribosomal peptides. The main com-
ponents of these compounds are a linear or cyclic oligopeptide and a fatty acid tail (47). 
They aroused interest during the last decades mostly due to their surfactant, antimicro-
bial, cytotoxic, immunosuppressant and antitumor characteristics (48–50). 
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Figure 5. Schematic representation of the modules and domains mediating polyketide biosynthesis. 
The domains involved in the PK synthesis are the acyltransferase (AT), the acyl carrier protein (ACP), 
the ketosynthase (KS) and the chain-terminating thiosterase (TE) domains. In grey, the auxiliary 
domains can mediate ketoreduction (KR), dehydration (DH), and enoylacyl reduction (ER) at each 
elongation step (n). Image was adapted from (42). 

Polyketides are compounds synthesised by polyketide synthases (PKSs), which are like-
wise large modular enzyme complexes. Chen and Du (2016) summarised the biosynthe-
sis of polyketides and underlined the high similarity between nonribosomal peptide and 
polyketide biosyntheses, which are both thiotemplates-based. PKSs are divided into ini-
tiation, elongation and termination modules, and each module again subdivided into 
domains (Figure 5). The acyltransferase (AT) domain select and activate the starter and 
elongation units and transfer them to the ACP domain. Subsequently, the ketosynthase 
(KS) domain catalyses the condensation of the extension unit with the growing acyl 
chain. Additional common modifications of ketide-units can be ensured by ketoreduc-
tases (KR), dehydrogenases (DH) and enolreductases (ER). The termination module 
includes a thioesterase (TE) domain causing the liberation of the polyketide. PKSs are 
classified into type I, II or, III, depending on their structural organisation. Type I PKSs 
consist of multiple repetitions of the same active sites, but each site catalyses different 
reactions. This type is found in both bacteria and fungi (51). Type II PKSs, usually found 
in bacteria, are composed of multiple polypeptides, each with an active site and different 
function, which interact and form a functional enzyme complex (52). Type III PKSs 
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apply acyl-coenzyme A (CoA) thioesters directly, which makes them independent of ex-
tender units linked to an ACP, but this type is mainly findable in plants and less common 
in bacteria (53). 
 
Since these two enzymes have structural and functional similarities, there are also exist-
ing hybrid peptide-polyketide compounds synthesised by both PKSs and NRPSs. (54). 
Besides a modular organisation, both enzymes use carrier proteins (PCP for NRPS and 
ACP for PKS), which are posttranslationally modified by a 4´-phosphopantetheine pros-
thetic group catalysed by 4´-phosphopantetheinyl transferases (PPTases) (54).  

2.2.2 Volatile secondary metabolites 

Volatile organic compounds (VOCs) are small molecules with less than 20 carbon atoms 
which quickly evaporate due to their low molecular mass, high vapour pressure, low 
boiling point and lipophilic moiety and take effect over a long distance (55).  
 
Terpenes are a large class of VOCs mostly isolated from plants or fungi, but a range of 
bacteria especially members of the genus Streptomyces, are also capable of producing them 
or have predicted gene clusters (56). Terpenes are made of the building block units di-
methylallyl pyrophosphate and isopentenyl pyrophosphate, which emerge from the 
mevalonate pathway or the deoxyxylulose phosphate pathway (57). These precursors 
are linked by isoprenyl transferases to form isoprenyl diphosphate substrates and the 
terpene synthases transform the linear isoprenyl diphosphate substrates into various 
mono- (C10), sesqui- (C15) and diterpene (C20) compounds (58). However, the ecolog-
ical role of terpenes is still underexplored (59). Nevertheless, it was shown, that terpenes 
can have bioactive properties, in particular, Streptomyces albidoflavus produces the sesquit-
erpene albaflavenone demonstrating bioactivity against Bacillus subtilis (60). 
 
Bacteria also produce nitrogen-containing VOCs, most common are pyrazines, which 
are described to have antimicrobial activities and are produced by the soil bacteria 
Paenibacillus, Chondromyces and Streptomyces (61–63). The biosynthetic pathway of pyrazines 
is linked to the pathway of branched amino acids and continues with either acetolactate 
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and acetoin to tetramethylpyrazine or with the reduction of the branched amino acid 
valine to valinal and further dimerization (64, 65).  
 
Other VOCs containing nitrogen are indole, which are synthesised from tryptophan by 
tryptophanase and produced by many bacterial species (66). It was shown that these 
compounds could affect quorum sensing and virulence factor production in specific 
pathogens (67). Moreover, they can function as signalling molecules and alter spore for-
mation, plasmid stability, cell division, antibiotic tolerance, and biofilm formation (68, 
69). They are abundant in microbial communities, but their biological roles or exact 
mechanisms of action are still unclear (36).  
 
Bacteria are also capable of producing sulphur-containing VOCs, which range from 
small compounds like dimethyl sulphide (DMS), dimethyl disulfide (DMDS), and dime-
thyl trisulfide (DMTS) to larger compounds such as 2-methyltetrahydrothiophen-3-one 
(36, 70). Most of the sulphur-containing VOCs are derived from the amino acid methi-
onine or dimethylsulphoniopropionate (71, 72). The importance of sulphur-containing 
VOCs in both plant-microbe and microbe-microbe interactions are demonstrated in 
several studies (73–75). Furthermore, DMDS and other sulphur-containing VOCs are 
described as quorum quenching molecule (76), bacterial growth stimulator and fungal 
growth inhibitor (77). 

2.3 Ecological functions of bacterial secondary metabolites 

In the literature, paradoxical understandings of the true ecological role of secondary 
metabolites exist. Some studies assign secondary metabolites as microbial weapons in 
competitions with other microorganisms, e.g. when inhabiting the same ecological niche 
(78, 79). One good example of this assumption is the successful usage of secondary me-
tabolite-producing bacteria as biocontrol agents, which can affect plant-pathogenic 
microorganisms and thereby promote plant growth (6). This fact suggests that the capa-
bility of producing bioactive secondary metabolites ensures an evolutionary advantage 
for the producing organisms (36). 
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On the other hand, secondary metabolites are especially at subinhibitory concentrations 
described as signalling molecules (80). At those concentrations, secondary metabolites 
can alter virulence, biofilm formation, motility, and hyphae and spore formation (80–
82). In the case of Streptomyces spp., antibiotics at subinhibitory concentrations alter their 
nutrient uptake, which causes a reduction of overlapping ecological niches in soil among 
competitive strains (83). 

 
Figure 6. Schematic representation of the possible different ecological roles of bacterial secondary 
metabolites in nature. Symbol abbreviations:  = secondary metabolites with antimicrobial properties 
responsible for growth inhibition;  = secondary metabolites with plant growth promoting properties; 

 = signalling molecules responsible for communication and diversification. Image from (36). 

Secondary metabolites have a wide range of potential functions in nature (Figure 6) (36). 
Some molecules might be reduced to their antimicrobial properties, whereas other func-
tions are still unknown. Therefore, the true ecological role of many secondary metabo-
lites has yet to be clarified. It is still unclear if secondary metabolites are mainly warfare 
molecules, which can also take over signalling functions in inter- and intraspecies inter-
actions or if they are primary signalling molecules which additional can kill.  
 
This Ph.D. thesis aims to investigate the diversity of secondary metabolites in Bacillus 
species and their impact on plant-pathogenic fungi, bacterial communities as well as 
biofilm formation. The next chapter will give a general overview of the large and diverse 
genus Bacillus. 
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CHAPTER 3 | THE GENUS BACILLUS 

The genus Bacillus is a phenotypically large, heterogeneous group of gram-positive, rod-
shaped, endospore-forming, catalase-positive bacteria with aerobic or facultative an-
aerobic metabolism and belonging to the phylum Firmicutes. The genus Bacillus was 
described the first time by Ferdinand Cohn in 1872 when he renamed Christian 
Ehrenberg’s “Vibrio subtilis” (84) into Bacillus subtilis (85).  
Since many decades, Bacillus spp. were classified as soil organisms, due to the presence 
of spores in this environment which was linked to their abundance (86, 87). However, 
these species are ubiquitous and not only present in the soil or the rhizosphere of plants, 
since strains could be isolated from many different sites, such as water, plant tissue, the 
gastrointestinal tract of animals and even spacecraft assembly (88–93). Hong et al. (2009) 
highlighted that the real habitat and life cycle still needs to be unravelled and classifying 
Bacillus as a primary soil organism might be too simple. Furthermore, they suggest that 
the gastrointestinal tract of animals might be the main habitat in which they proliferate 
(94). 
 
Numerous Bacillus spp. as well as many other bacteria can switch between a planktonic 
and a biofilm lifestyle, in the latter are cells encapsulated in a self-produced extracellular 
matrix (18). Biofilm formation was intensively studied in B. subtilis (95) and is described 
more in detail in chapter 5. 
 
Another well-studied and remarkable feature of Bacillus spp. is spore formation. These 
species are capable of producing dormant metabolic endospores, which is an excellent 
and valuable survival mechanism in harsh conditions, like extreme temperatures, dehy-
dration, nutrient limitations, chemicals or UV radiation (96). Environmental changes, 
especially nutrient limitations, are triggering the spore formation process in vegetative 
cells (97). Endospores are spores formed during an asymmetric cell division into a fore-
spore, and a mother cell, followed by engulfment of the forespore by the mother cell and 
the final release of the matured spore occur due to programmed cell lysis of the mother 
cell (97). Even though a spore is metabolic inactive, it can sense with receptors germi-
nants, such as amino acids, sugars, purine nucleotides or inorganic salts as an indication 
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of environmental changes and more favourable conditions and consequently resume its 
active metabolism and outgrowing into vegetative cells (98). Even though spore for-
mation is a very beneficial process for the producing organism, it poses an omnipresent 
problem in the food industry, where spores survive the chemical and physical treatments 
for preservation, which are targeting mainly vegetative cells, and subsequently cause 
food spoilage after the spore outgrowth (99, 100). However, on the other hand, Bacillus 
spp. spores are beneficial in novel medical approaches like drug delivery, as a delivery 
platform of recombinant proteins, as agent for self-repairing concrete in material science 
or as probiotics in human and animal health (101, 102). 
Besides their ability to form spores, members of this genus are used in industry for a 
plethora of applications, such as the production of enzymes like proteases, amylases and 
lipases used in dairy, baking, and laundry industries (103–105), as agents for biominer-
alization (106) or wastewater treatment (107), as biofertilizer and biopesticide in agricul-
ture (108) or as probiotics in animal health (16). 
 
As mentioned earlier, a standard laboratory method to isolate spore-forming bacteria 
such as Bacillus is to select for spores present in the targeted environmental sample. In 
study 1, we selected for heat resistant spores from various soil samples, after outgrowth 
for isolates with B. subtilis-like morphology which were afterwards genetically identified.  
 
At the time of writing, 202 validly published species, excluding synonyms, were assigned 
to the genus Bacillus (109). Bacillus spp. can be subdivided into groups depending on their 
ecophysiology, biochemical properties, antibiotic production and pathogenicity (110). 
However, Khurana et al. (2020) used 178 published genomes of 169 distinct species of 
Bacillus and performed a phylogenetic assessment. Based on the analysis, they assigned 
the species to eleven different clusters (Figure 7) (111). 
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Figure 7. Phylogenomic clustering depicted using pairwise distance values between 178 genomes of 
Bacillus spp. Each colour code represents a monophyletic cluster. Image from (111). 

The most intensely studied Bacillus species belong to the Bacillus subtilis group (Figure 5, 
cluster D and E) and Bacillus cereus group (Figure 5, cluster G). The Bacillus cereus group 
consist of at least eight closely related species, which are the well-studied B. cereus, 
B. thuringiensis and B. anthracis as well as B. mycoides, B. pseudomycoides, B. weihenstephanensis, 
B. cytotoxicus, and B. toyonensis (112). This group of species differ from all other species of 
the Bacillus genus since some members are known for their human and animal patho-
genicity (113). B anthracis is producing the toxin anthrax and capsule, which can induce 



Chapter 3 | The genus Bacillus 
 

 
16 |  Ph.D. thesis by Heiko T. Kiesewalter 

a vascular shock and cause the death of the host, when present in high concentrations it 
(114). B. cereus is a food-poisoning pathogen, triggering diarrhoea and emesis due to the 
production of enterotoxins and the depsipeptide toxin cereulide (115). B. thuringiensis is 
known as an invertebrate pathogen, specialised on insects due to the production of 
parasporal crystalline protein inclusions (116). 

3.1 The Bacillus subtilis group 

The B. subtilis group includes the four closely related original species B. subtilis, 
Bacillus amyloliquefaciens, Bacillus licheniformis and Bacillus pumilus (117). Even though the 
members of this group are morphological very similar to each other and share numerous 
physiological properties, some few characteristics were found to distinguish B. subtilis 
from B. licheniformis and B. pumilus through biochemical tests (118). However, a distinc-
tion between B. amyloliquefaciens and B. subtilis with this method is not possible (118).  

 
Figure 8. Timeline emergence of the species from the B. subtilis group. The species are classified 
following their relatedness to the closest original member of the group (grey boxes). Heterotypic 
synonyms are not shown. Image from (42). 
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However, Caulier et al. (2019) described that over time classification methods improved, 
and more strains were isolated so that members were reassigned, and other species or 
subspecies were included and visualize the current status among others for B. subtilis and 
B. amyloliquefaciens (Figure 8). The novel species Bacillus atrophaeus, Bacillus mojavensis, 
Bacillus vallismortis and Bacillus tequilensis are assigned to B. subtilis due to their relatedness 
and B. subtilis can be subdivided into B. subtilis subsp. subtilis, B. subtilis subsp. spizizenii 
and B. subtilis subsp. inaquosorum. The species Bacillus velezensis and Bacillus nakamurai are 
assigned to their closest relative B. amyloliquefaciens (42). Furthermore, it was suggested to 
establish the operational group B. amyloliquefaciens above the species level, which includes 
besides B. amyloliquefaciens and B. velezensis also the species Bacillus siamensis (119). Fan et 
al. (2017) highlighted that especially B. velezensis and Bacillus siamensis are plant-associated 
members of this operational group with excellent plant growth-promoting properties. 
These species harbour four additional biosynthetic gene clusters for secondary metabo-
lites compared to B. subtilis 168. Moreover, their analysis indicates a stepwise loss of gene 
clusters for secondary metabolites from B. velezensis via B. siamensis to B. amyloliquefaciens 
(119). In study 4, we described a recently isolated strain identified as B. velezensis (120) 
and its biocontrol potential is presented in chapters 4 and 5. 
 
However, the most studied species and type strain of the B. subtilis group is B. subtilis as 
a result of its natural competence ensuring external DNA uptake which allows for genetic 
modification, and capability to form endospores, which eventually established it as a 
model organism in different research areas such as cell division, protein secretion, sur-
face motility, biofilm development, plant root or fungal hyphae colonisation and second-
ary metabolite production, among other things (121). Frequently used B. subtilis labora-
tory and industrial workhorse strains are the wild type strain NCIB 3610 (hereafter 
referred to as 3610) and the domesticated strain 168, which are likely descendants of a 
B. subtilis environmental strain, the original Marburg strain (122). 
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3.2 Bacillus spp. as biocontrol agents 

As mentioned earlier, specific genera are considered as plant growth-promoting bacte-
ria, due to their excellent properties to act as phytostimulators, biofertilizer and biopesti-
cides (123). Many Bacillus spp., especially members of the B. subtilis group, are considered 
as biocontrol agents due to their large arsenal of antimicrobial secondary metabolites 
and commercialised from various companies (124). 

Table 1. Commercial Bacillus-based biocontrol products distributed worldwide. Table was adapted 
from (124) 

Product name Biocontrol strain Company 
Avogreen® 

B. subtilis 

Ocean Agriculture, South Africa 

Ballad® AgraQuest Inc., USA 

Bio safe® Lab. Biocontrole Farroupilha, 
Brazil 

Biosubtilin Biotech International Ltd., India 

Cease® BioWorks Inc., USA 

Companion® Growth Products Ltd., USA 

Ecoshot Kumiai Chemical Industry, Japan 

FZB 24®WG ABiTEP GmbH, Germany 

HiStick N/T® / Subtilex® /Pro-Mix® Becker Underwood, USA and 
Premier Horticulture Inc., Canada 

Kodiak® Gustafson Inc., USA 

Rhapsody® AgraQuest Inc., USA 

Rhizo Plus® ABiTEP GmbH, Germany 

Serenade® AgraQuest Inc., USA 

Ballad Plus i Sonata® 
B. pumilus Bayer CropScience, USA 

Yield Shield® 

RhizoVital® 42 
B. amyloliquefaciens ABiTEP GmbH, Germany 

RhizoVital® 42 TB 

EcoGuard TM Biofungicide B. licheniformis Novozymes A/S, Denmark and 
Novozymes Biologicals, USA 

Botrybel B. velezensis Agricaldes, Spain 
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Bacillus-based biocontrol products, produced by companies all around the world, belong 
to the dominating products on the biopesticide market (Table 1), because of not merely 
their efficiency but also because of Bacillus endospores which can be stored for a very 
long time before their application (125).  
 
Several in planta studies have shown that Bacillus spp. are excellent plant pathogen sup-
pressors by among others inducing systemic resistance in the plants and direct antago-
nism of the pathogens caused primarily by the produced lipopeptides (126). 
 
Rais et al. (2017) showed that treatment of Pyricularia oryzae-infected rice plants with en-
vironmental Bacillus strains could reduce the effect of the fungus by increasing the activ-
ity of antioxidant enzymes in the plant (127). Another study was performed by Wang et 
al. (2015) in which they demonstrated that B. amyloliquefaciens strains combined with or-
ganic fertilizers could improve the growth of banana plants and suppress the fusarium 
wilt disease caused by Fusarium oxysporum in the plants (128). 
 
The next chapter will concentrate on the secondary metabolites produced by B. subtilis 
and highlights their impact on plant-pathogenic fungi and bacterial communities and 
describe the antifungal potential of the closely related strain B. velezensis DTU001. 
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CHAPTER 4 | SECONDARY METABOLITES OF B. SUBTILIS 

To address the secondary metabolite diversity in various Bacillus species, Grubbs et al. 
(2017) performed a bioinformatic analysis on Bacillus genomes which revealed, that the 
predicted biosynthetic gene clusters are relative homogenous especially within each phy-
logenetic group. Based on their research, the most frequent biosynthetic gene clusters of 
members of the B. cereus and B. subtilis group are assigned to nonribosomal peptides. De-
pending on the species, they predicted between 7 and 13 biosynthetic gene clusters to 
members of the B. subtilis group (129).  
 
B. subtilis produces various secondary metabolites with antimicrobial properties, accord-
ing to Stein (2005) around 4-5 % of the genome is assigned to the synthesis of such sec-
ondary metabolites (130). Besides nonribosomal peptides, which will be described in the 
following sections, B. subtilis strains produce various bacteriocins with antimicrobial 
properties.  
 
Sublancin from B. subtilis 168 is described as an inhibitor of strains of gram-positive 
bacteria such as Staphylococcus aureus, Streptococcus pyrogens, and other Bacillus spp. like 
B. megaterium, B. cereus or B. subtilis, but bioactivity against gram-negative strains was not 
detectable (131). Sublancin interferes with DNA replication and transcription and RNA 
translation (132). 
 
The bacteriocin subtilosin, bioactive against Listeria monocytogenes and Gardnerella vaginalis, 
acts species-specific and targets the cell membrane as well as surface receptors (133, 134). 
Recently it was shown, that subtilosin prevents as well biofilm formation of G. vaginalis 
due to quorum sensing inhibition (135). 
 
The sporulation killing factor is a cannibalism toxin and expressed and secreted when 
cells have entered the sporulation pathway, which prevents sensitive sibling cells from 
sporulation and induces cell lysis in them(136). Consequently, the lysed cells function as 
a nutrient source and sporulation can be delayed or completely avoided, but will be 
continued when another nutrient depletion occurs (136, 137). 
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Subtilomycin was detected from Phelan et al. (2013) in a marine B. subtilis isolate, which 
showed bioactivities against gram-negative pathogens, such as Vibrio anguillarum, 
Aeromonas hydrophila, Alteromonas sp., but also against the gram-positive species B. cereus, 
B. megaterium and Lactococcus lactis. Furthermore, they demonstrated that the gene cluster 
of subtilomycin has the same genetic locus as the sporulation killing factor, which high-
lights that a B. subtilis strain cannot harbour both gene clusters (138).  
 
The broad-spectrum bacteriocin subtilin is bioactive against gram-positive bacteria by 
forming cationic pores in the cell membrane (139). It has been shown that 
Staphylococcus aureus, Lactococcus spp., Lactobacillus spp., Enterococcus spp. and Bacillus spp. 
are susceptible to subtilin (140). 
 
Moreover, B. subtilis strains are also capable of producing a large number of bioactive 
volatile organic compounds and ribosomally synthesised enzymes (42), but these are not 
subject of the thesis. 
  



Chapter 4 | Secondary metabolites of B. subtilis 
 

 
Technical University of Denmark  | 23 

4.1 Nonribosomal peptides 

As mentioned earlier, a very potent chemical class are nonribosomally synthesised pep-
tides. B. subtilis produces one thiotemplate-independent antimicrobial nonribosomal 
peptide, bacilysin, which is a dipeptide consisting of L-alanine and the non-proteino-
genic amino acid L-anticapsin (141). Its antimicrobial property is based on its proteolysis 
by peptidases and liberation of L-anticapsin (142). Wu et al. (2015) showed that bacilysin 
of B. amyloliquefaciens FZB42 (now B. velezensis) showed bioactivity against 
Xanthomonas oryzae strains, by downregulating expressions of genes involved in virulence, 
cell division, and protein and cell wall synthesis (143). Moreover, its antifungal potential 
against Candida albicans is realised by the transport of bacilysin into the fungal membrane 
and followed by hydrolysation to L-anticapsin, which acts as an inhibitor of the 
aminotransferase activity of glucosamine-6-phosphate synthase (144). 
 
Additionally, B. subtilis produces the thiotemplates-based nonribosomal peptides 
surfactin, plipastatin and bacillibactin, as well as the thiotemplates-based hy-
brid nonribosomal peptide-polyketide bacillaene, which will be described in the follow-
ing sections. Importantly, for the biosynthesis of these nonribosomal peptides is the 4´-
phosphopantetheinyl transferase (described in 2.2.1) required, called Sfp in B. subtilis, 
which activates the peptidyl carrier protein (PCP) domain through the transformation 
of the inactive apo-form to the active holo-form by lifting the 4´-phosphopantetheine of 
coenzyme A as a prosthetic group to a conserved serine residue (145). 
 
The mutant-based approaches to investigate the impact of nonribosomal peptides in 
study 1, 3 and 6 were partly performed with sfp-mutants, incapable of producing 
surfactin, plipastatin, bacillaene and bacillibactin, and with single mutants with a dis-
rupted surfactin (srfAA or srfAC), plipastatin (∆ppsC), bacillaene (∆pksL) or bacillibactin 
(dhbA-F) production. 
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4.1.1 Surfactin 

Surfactin is a well-studied lipopeptide and biosurfactant, synthesised by the srfAA-AD 
gene cluster, and contain heptapeptides linked with a β-hydroxy fatty acid which form 
a cyclic lactone (Figure 9) (146). However, the sequence of amino acids and length of the 
fatty acid moiety can differ in the molecules synthesised by different Bacillus spp. or 
strains and recently it has been revealed that even available nutrient sources influence 
the molecule composition (146, 147). The biosynthesis of surfactin in B. subtilis is under 
the regulation of a cell density-dependent quorum sensing system, which involves the 
peptides, ComX and CSF (Figure 10) (148, 149). 

 
Figure 9. Biosynthesis and structure of surfactin. (A) Assembly line of surfactin biosynthesis with 
condensation domains coloured grey, adenylation domains in red, and peptidyl carrier proteins in green. 
Epimerization domains are shown in blue, the thioesterase domain in orange. (B) Structure and variants 
of surfactin. The lactone bond is coloured in light blue. (C) Proposed lipidation reaction during surfactin 
biosynthesis. The fatty acid is activated by LcfA or YhfL and then recognized by the donor site of the C 
domain catalysing the attack of the amino group of PCP-bound glutamate from the acceptor site. 
Domain colouring is analogous to (A). Image from (146). 
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When ComX, continuously produced by B. subtilis, reaches a specific threshold concen-
tration, a signal transduction system consisting of the two-component regulatory pro-
teins ComP and ComA are activated, and subsequently phosphorylated ComA binds to 
the promoter region Psrf and activates the transcription (150). In the second system, CSF 
is binding to the Rap protein and causing reduced dephosphorylation of the phosphor-
ylated ComA and consequently induces the transcription of the srfA operon (151). 

 
Figure 10. The schematic model for the regulation of the transcription of the srfA operon network 
involved in two extracellular signalling peptide-mediated quorum sensing in B. subtilis. T-bars indicate 
the negative effects on DNA binding or protein interactions. Bent arrow represents the promoter. ‘P’ in 
the circle represents the phosphoryl group. Image from (152). 

Surfactin is a multi-functional secondary metabolite with numerous functions. Its cyto-
lytic activity has been described in several studies, causing cell lysis due to penetration of 
microbial lipid bilayer membranes and forming ion-conducting channels (153–158). Ad-
ditionally, the molecule has as well biosurfactant properties and reduces surface tension, 
which is needed for swarming and sliding motility (159, 160). Furthermore, surfactin can 
increase oxygen diffusivity and thereby enhance the availability of oxygen for B. subtilis 
in liquid cultures (161). Recently, Chen et al. (2020) discovered that surfactin facilitates 
the utilization of non-preferred carbon sources after glucose exhaustion in 
B. amyloliquefaciens (162). 
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4.1.2 Plipastatin 

The cyclic lipopeptide plipastatin, which belongs to the compound family of fengycins, 
is expressed by the ppsA-E gene cluster (163). The molecule with potent antifungal prop-
erties is composed of a β-hydroxy fatty acid linked to a decapeptide whose C-terminal 
residue (Ile) is connected to a tyrosine residue at position three and forms a cyclic lactone 
(Figure 11) (153).  

 
Figure 11. Plipastatin structure and synthesis. (A) The ppsABCDE operon of B. subtilis and structure of 
the core peptide. (B) The cyclic lipodecapeptide structure of the plipastatin. Image from (153). 

Plipastatin differs from fengycin by only interchanged positions of both an L- and D-
tyrosine in the amino acid sequence and an epimerization domain (164). Additionally, 
it has been shown, that primarily plipastatin is produced by B. subtilis and other Bacillus 
spp. than fengycin as often claimed before (164). Its detailed mode of action still needs 
to be unravelled, but several studies suggest that it inhibits phospholipase A2, causes 
fungal membrane permeabilization and changes the morphology of fungal membrane 
and cell wall (153, 165, 166). However, numerous investigations highlighted that plipas-
tatin and fengycin are especially effective against filamentous fungi (158, 167–171). 
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4.1.3 Bacillaene 

The broad-spectrum antibiotic bacillaene has a unique biosynthesis since it is composed 
of hybrid NRPS/PKS modules (172). It is synthesised by the 80-kb large pksB-S gene 
cluster, which corresponds to approximately 2 % of the genome (Figure 12) (173). 

 
Figure 12. Bacillaene and the bacillaene gene cluster. PksB, PksC, PksD, PksE, PksF, PksG, PksH, PksI, 
AcpK and PksS are free-standing enzymes involved in trans to the multimodular proteins. PksJ, PksL, 
PksM, PksN and PksR are multimodular NRPS/PKS (PksJ, PksN) or PKS (PksL, PksM, PksN) proteins 
forming the core assembly line synthase. Image from (153) 

Bacillaene is rather described as an inhibitor than a toxin (153). It is targeting the bacte-
rial protein biosynthesis and can, e.g. inhibit cyanobacteria and act in B. subtilis as a cell 
and spore protector from bacterial predators, such as Myxococcus xanthus (174–176). 
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4.1.4 Bacillibactin 

B. subtilis produces one siderophore, the nonribosomally synthesised peptide bacillibac-
tin, which is encoded by the dhbACEBF gene cluster (Figure 13) (177). It enables B. subtilis 
the uptake of ferric iron from the environment by forming ferric–siderophore complexes 
(45). Nevertheless, there are no indications of antimicrobial activity of this compound so 
far (153). 

 
Figure 13. Siderophore biosynthesis gene clusters of B. subtilis (dhb). (A) The dhbA,C,E,B,F gene cluster. 
(B) NRP synthetase modules. (C) Bacillibactin structure. A, adenylation domain; ArC and ArcP, aryl 
carrier protein domain; C, condensation domain; Dhb, 2,3-dihydroxybenzoic acid; Gly, glycine; ICL, 
isocitrate lyase; PCP, peptidyl carrier protein domain; Te, thioester domain; Thr, threonine. Image from 
(153) 

  



Chapter 4 | Secondary metabolites of B. subtilis 
 

 
Technical University of Denmark  | 29 

4.2 Antifungal potential of nonribosomal peptides 

From the beginning of microbial research, bacteria and fungi were mainly studied sep-
arately, but Frey-Klett et al. (2011) described that in nature, these organisms coexist and 
interact with each other. Furthermore, they highlight that these interactions can be 
either antagonistic, cooperative, synergistic, commensal or symbiotic and that the most 
intensively studied part of bacterial-fungal interactions is antibiosis, in which secondary 
metabolites function as weapons in warfare (178). A typical procedure to study microbial 
antagonism in vitro is to co-culture two organisms together on solid medium and investi-
gate the zone of inhibition which refers to the production of antimicrobial compounds 
(179, 180).  
 
Interestingly, the production of secondary metabolites by Bacillus spp. is not only species-
dependent but also dependent on the antagonising plant pathogen, which was predom-
inantly observed in interactions with various fungi (181). Cawoy et al. (2015) observed 
in B. subtilis 98S a higher production of lipopeptides from the iturin and fengycin families 
when co-cultivated with Pythium aphanidermatum and F. oxysporum but not in the antago-
nism with Botrytis cinerea (180). Similar overexpression of one of these lipopeptides was 
also observed in strains of B. velezensis when antagonised with different fungi (182–184). 
When Bacillus spp. were co-cultivated with the plant pathogenic bacteria 
Pseudomonas fuscovaginae or Ralstonia solanacearum upregulated expression of surfactin, 
bacilysin and iturins were observed albeit without higher bioactivity (185, 186). The 
overexpression of surfactin and fengycin genes was also observed in B. velezensis when 
protecting the button mushroom Agaricus bisporus from Trichoderma aggressivum.  
These studies highlight that Bacillus spp. are capable of sensing signals from potential 
competitors and adjust the expression of secondary metabolites (181). 
 
Several studies screened numerous up to hundreds of Bacillus and other bacterial isolates 
for antifungal properties and concentrated then only on few potential Bacillus biocontrol 
agents (187–189). This procedure is, of course, suitable for increasing the number of 
biocontrol candidates or selecting for candidates capable of inhibiting a specific patho-
gen but using these strains for a diversity study would bias the results. 
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In study 1, we addressed the question how diverse the antifungal potential of nonribo-
somal peptides from various recently isolated B. subtilis environmental strains are by 
screening the wild types and their nonribosomal peptide mutants against the three 
known plant pathogenic fungi Fusarium oxysporum, Fusarium graminearum and Botrytis cinerea 
(190).  

 
Figure 14. (A) Overview of qualitative evaluation of antagonisms assays assigned to inhibition, minor 
inhibition and no inhibition. (B) Overview of the detected nonribosomal peptides surfactin and 
plipastatin in the extracts of wild type soil isolates by ESI–MS. The production of the compounds based 
on their detection was classified as production (detected), reduced production (detected, but in a lower 
lever) and no production (undetected). Image from study 1 (190). 

We demonstrated that the majority of wild type strains inhibited the growth of the two 
Fusarium species (Figure 14A). Moreover, the mutant-based screening revealed that only 
the lipopeptide plipastatin was responsible for the antagonism since both sfp and ∆ppsC 
mutants were incapable of inhibiting Fusarium. Additional ultra-high-performance liquid 
chromatography with high-resolution mass spectrometry (UHPLC-HRMS) indicated 
that plipastatin was produced by all wild type strains except two of them (Figure 14B). 
Interestingly, these plipastatin non-producers showed likewise no inhibition of the 
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Fusarium strains, which supports the assumption that plipastatin is the only bioactive non-
ribosomal peptide against this given fungal pathogen. This result is in line with the study 
from Gong et al. (2015) in which they showed that plipastatin was inhibiting 
F. graminearum by targeting young hyphae and branch tips (191).  
 
Moreover, the screening confirmed the potential of nonribosomal peptides against 
B. cinerea as well, since almost all wild type strains demonstrated growth inhibition of this 
fungus. In contrast, their nonribosomal deficient strains lost this ability except two iso-
lates which still showed a reduced inhibition.  
 
Only a few strains lost their anti-Botrytis potential when plipastatin production was dis-
rupted, whereas the disruption of the surfactin production in the majority of B. subtilis 
strains led to either unimpaired or only reduced inhibition of B. cinerea.  
 
But the disruption of surfactin production in two strains in which plipastatin was unde-
tectable led to a total loss of inhibition potential. Furthermore, no inhibition was observ-
able in a strain producing less surfactin with an interrupted plipastatin production. These 
results suggest a synergism between plipastatin and surfactin since these two compounds 
seem to have the most significant impact. However, surfactin-plipastatin double mutants 
of wild type strains capable of producing both compounds maintained their reduced 
inhibition potential.  
 
In study 4, we described the recently isolated and genetically identified B. velezensis 
strain DTU001 and tested its antifungal potential against 16 human or plant pathogenic 
fungi and four yeasts (120). A liquid chromatography-high resolution mass spectrometry 
analysis of the crude extract of DTU001 revealed that this strain was capable of produc-
ing bioactive lipopeptides belonging to the surfactin, fengycin and iturin compound fam-
ilies (Figure 15). The iturin family consist of numerous molecules, which are named 
iturin, bacillomycin and mycosubtilin, among others and are comprised of an amino 
fatty acid linked to a cyclic heptapeptide (153). We could not detect iturins in the 
B. subtilis extracts in study 1, since the syntheses of these compounds are mainly related 
to strains of B. amyloliquefaciens and B. velezensis (153).  



Chapter 4 | Secondary metabolites of B. subtilis 
 

 
32 |  Ph.D. thesis by Heiko T. Kiesewalter 

 
Figure 15. Base peak chromatogram showing the presence of iturin, fengycin and surfactin produced 
by B. velezensis DTU001. Image from study 4 (120). 

The antifungal screening demonstrated that the crude extract of strain DTU001, con-
taining the mentioned lipopeptides but also further secreted compounds, had highly 
antifungal potential towards 17 fungal strains. Additionally, tested iturin and fengycin 
standards revealed that iturin has broader and more potent bioactivity compared to 
fengycin. However, the inhibition results showed that some fungal strains were not sus-
ceptible to neither the standard compound iturin nor fengycin but to the crude extract 
of DTU001. This observation suggests either that a synergism between iturin and 
fengycin causes the inhibition or that additional compounds present in the crude extract 
contribute to the bioactive potential.  
 
We could conclude from the B. subtilis screening results that the fungal strains 
F. oxysporum and F. graminearum were only susceptible to plipastatin, whereas B. cinerea was 
distinctively inhibited only by strains capable of producing both surfactin and plipastatin. 
However, the antifungal potential of B. subtilis depends on the antagonised fungus and 
the screened B. subtilis strain, since the production of the lipopeptides surfactin and 
plipastatin varies among B. subtilis isolates and influences their antifungal potential. Sur-
prisingly, even co-isolated strains originating from the equal gram of soil showed these 
variations, which highlights the presence of nonribosomal peptide non-producer 
B. subtilis strains in the tested ecological niches. 
Furthermore, B. velezensis DTU001 is a promising candidate in both agricultural as well 
as medical applications, since its capability of producing lipopeptides from the surfactin, 
fengycin and especially iturin families resulting in antifungal potential not only against 
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plant pathogenic but likewise human pathogenic fungi. We can conclude that the crude 
extract containing a mixture of produced antifungal compounds but including also fur-
ther secondary metabolites has a higher efficiency than single compounds. 

4.3 Genomic potential of B. subtilis and close related species 

The development of genomic technologies had a massive impact on microbiology and 
revolutionised it during the last decades, nowadays, genomes can be used to characterise 
microbial strains, and pan-genomes to describe species (192). Consequently, the 
approach genome mining, that strongly impacted natural product discovery was devel-
oped, in which unidentified biosynthetic gene clusters are detected in genomes and 
linked to their chemical molecules positively influenced natural product discovery (193). 
Ziemert et al. (2016) highlighted that secondary metabolites have very different chemical 
structures, but the principles of their biosyntheses are remarkably conserved. Therefore, 
it is possible to mine for genes encoding enzymes, which are involved in the syntheses of 
secondary metabolites (194). One web server-based pipeline which allows for predictions 
of genome-wide biosynthetic gene clusters and comparisons to a database is antiSMASH 
(195). We used this pipeline in study 1 and study 4 to predict biosynthetic gene clusters 
of various Bacillus strains. 
 
In study 4, we analysed the secondary metabolite potential of B. velezensis DTU001 and 
compared it to other Bacillus species (120). Genome mining revealed that this strain has 
in total nine biosynthetic gene clusters which are linked to the nonribosomal synthesis of 
lipopeptides, polyketides and a siderophore.  
 
The comparison of genetic potentials between DTU001 and other Bacillus spp. high-
lights that the majority of the closely related members of the B. subtilis group (B. subtilis, 
B. amyloliquefaciens and B. velezensis) show common predictions of the lipopeptides from 
the surfactin, fengycin and iturin compound families, as well as the siderophore bacilli-
bactin (Figure 16).  
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Figure 16. Evolutionary relationships of taxa between B. velezensis DTU001 and other Bacillus species. 
A maximum-likelihood phylogenetic tree based on 80 conserved genes of selected strains of Bacillus is 
shown; B. megaterium DSM 319 was selected as outgroup. The presence/absence of typical Bacillus 
biosynthetic gene clusters is depicted on the right. Image from study 4 (120). 

The analysis confirmed the statement from Harwood et al. (2018) that compounds from 
the iturin family are primarily associated with B. amyloliquefaciens and B. velezensis (153), 
since only these species have biosynthetic gene cluster predictions for iturin, and, e.g. 
not the analysed B. subtilis strains.  
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Consequently, mainly B. velezensis strains, including strain DTU001, have biosynthetic 
gene clusters predictions for compounds of all three lipopeptide families. This fact high-
lights the great potential of this species and their application as biocontrol agents. Note-
worthy, less related Bacillus strains such as members of the B. cereus group or the outliner 
B. megaterium have no predictions for these lipopeptides but for other species-specific 
compounds.  
 
We chose in study 2 13 partly co-isolated environmental B. subtilis strains investigated 
in study 1, based on different antifungal potential due to varying lipopeptide productions 
as well as their original sampling site, and sequenced their genomes (196).  

 
Figure 17. Overview of predicted biosynthetic gene clusters (BGCs) by antiSMASH of 13 B. subtilis and 
one B. licheniformis (P8_B2, right) soil isolates. Colour-code visualises the similarity of BGCs to a reference 
BGC, whereby the grey colour (0 %) indicates their absence. The cladogram is based on a core gene 
alignment by the pan-genome pipeline Roary. Image from study 1 (190). 
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The genomic information of these 13 B. subtilis and one B. licheniformis (P8_B2) environ-
mental strains were further used in study 1 to explore their genetic potential by com-
paring the predicted biosynthetic gene clusters (Figure 17). B. subtilis seems to have core 
secondary metabolites, which are common in the majority of strains, but also harbours 
accessory secondary metabolites which are less frequent and vary among co-isolated 
strains. A similar observation was obtained for the production of volatile secondary me-
tabolites by B. subtilis strains, some were emitted more generally whereas others only 
produced by few strains (197). However, the core secondary metabolites consist primar-
ily of nonribosomal peptides, whereas the less frequent secondary metabolites are bac-
teriocins. Interestingly, Phelan et al. (2013) described that subtilomycin has the same 
genetic locus as the sporulation killing factor (138), we could as well observe, that eleven 
strains harbour either the sporulation killing factor gene cluster or the gene cluster for 
subtilomycin.  
 
The discrepancy between non-detectable or altered lipopeptide production but present 
biosynthetic gene clusters led to further analyses of the core genes or regulatory genes of 
the compounds (Figure 18). Investigations revealed that the hampered surfactin produc-
tion in strain MB9_B4 might be caused due to a mutation in the regulatory gene comA. 
ComA (described in 4.1.1), is involved in the transcription of the srfA operon. Moreover, 
the plipastatin non-producers indicate either a very similar fragmental loss of core genes 
(73 and P5_B2) or a point-nonsense mutation in the core gene ppsB (MB9_B6) which 
might interrupt their plipastatin syntheses. And finally, strain P5_B2, missing the com-
plete biosynthetic gene cluster for bacillaene, is most likely incapable of producing 
bacillaene. 
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Figure 18. Comparison of core genes of the biosynthetic gene clusters (A) surfactin and (B) plipastatin 
from co-isolated B. subtilis producer (+) and non-producer (-) strains. (C) Comparison of core genes of 
the biosynthetic gene clusters of bacillaene from two co-isolated B. subtilis strains. Image from study 1 
(190). 

However, these observations underline that a gene loss for secondary metabolites in na-
ture might be frequent and could occur because the selection pressure, which might be 
the primary driver of gene loss (197), is not intense enough in some ecological niches for 
maintenance of specific secondary metabolites. Interestingly, Zhang et al. (2020) showed 
that antibiotic production and diversity is increased in mixed Streptomyces secondary me-
tabolite mutant colonies, which can be considered as division of labour (198). In the case 
of B. subtilis, we were able to isolate non-producer together with producer strains from 
the same gram of soil. These findings suggest that secondary metabolites might be shared 
in B. subtilis populations, and the loss of specific biosynthetic gene cluster could be led to 
cheaters. These could coexist with the producer strains and benefit from the public good 
without contributing to the production (199). 
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4.4 Impact of nonribosomal peptides on bacterial 
communities 

In natural systems, such as the soil or in particular the rhizosphere, microorganisms live 
in complex communities and interact with each other. But the majority of these interac-
tions are poorly understood. However, these communities are involved in biochemical 
cycles on a planetary scale but also influences agriculture and plant growth promotion 
on a more local scale. (200, 201). The interactions between microorganisms, caused by 
chemical or physical signals, e.g. secondary metabolites, can be either competitive, co-
operative or without consequences (202). It has been shown in several studies, that the 
rhizosphere microbial community depends on the flora and the soil type since different 
plant species can select for different compositions of the bacterial community probably 
due to various root exudates (203–205). Furthermore, also seasonal variations impact 
the microbial community, which underlines the dynamics in microbial communities 
(206). Due to the complexity of microbial communities, which can consist of hundreds 
and more members, it is hard to study the interactions among them, but a suitable pro-
cedure is to establish synthetic communities in laboratories, which is a smaller but rep-
resentative community mimicking the natural community (207, 208). 
 
When Bacillus spp. are applied as biocontrol agents or probiotics, they are invading the 
indigenous community and as described in the previous chapters lead to a positive effect 
on the plant or animal health. We are at the beginning to understand what causes these 
effects besides the direct suppression of pathogens and to what extend the rhizosphere 
community is changed. Chowdhury et al. (2013) applied B. velezensis FZB42 to lettuce 
and monitored the bottom rod disease caused by Rhizoctonia solani and the impact on the 
bacterial community. They found that the disease was significantly decreased in both 
pot and field experiments, but there were no huge effects on the bacterial community 
when B. velezensis was applied. They saw that sampling time or additional inoculation of 
the plant pathogen had a more significant impact on the bacterial community. This ob-
servation led them to the conclusion that the disease suppression is mainly due to direct 
antagonism or activation of systemic resistance in the plant and not caused by commu-
nity effects (209). The application of B. amyloliquefaciens BNM122 on soybeans showed 
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similar results since only minor differences in the bacterial communities between the 
treated and non-treated assays were observable (210).  
 
To investigate the impact of nonribosomal peptides from B. subtilis on bacterial commu-
nities, we established in study 3 soil-derived semi-synthetic mock communities and sup-
plemented them with a wild type strain or its nonribosomal peptide mutants and co-
cultivated them for two days (211). The semi-synthetic mock communities were realised 
by pre-cultivating a soil suspension for 12 h. 16 S amplicon sequencing revealed, similar 
to the observations from Chowdhury et al. (2013), that the addition of B. subtilis WT had 
an only minor impact on the bacterial community composition compared to the un-
treated control community (Figure 19).  

 
Figure 19. Taxonomic summaries showing the relative abundance of the most abundant genera for 
each replicate of the soil sample, pre-incubated soil suspensions and different treated mock communities. 
Genera not present in the majority of the communities or having an abundance < 0.5 % are classified 
as “other”. Image from study 3 (211). 

However, we could see a significant decrease of the genera Lysinibacillus and Viridibacillus 
in the communities supplemented with B. subtilis WT compared to the control commu-
nities. Interestingly, this effect was reduced when B. subtilis sfp, incapable of producing 
nonribosomal peptides, was added to the community. This observation suggests that 
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nonribosomal peptides had a significant impact on the suppression of the two genera. 
Since both Lysinibacillus and Viridibacillus were less frequent in communities comple-
mented with the sfp mutant, other secondary metabolites or additional factors, such as 
competition for nutrients, might affect these genera as well. Bacillaene, described as an 
inhibitor of bacterial protein biosynthesis (174), might be the compound with the great-
est impact on the suppression of Lysinibacillus since this genus was most frequent in the 
communities supplemented with the bacillaene mutant (Figure 20). However, the com-
bination of all lipopeptides had the biggest suppression effect even though not signifi-
cantly. 

 
Figure 20. Abundance of Lysinibacillus in each mock community. Points represent the abundance in 
each replicate. Treatments with the same letter are not significantly different. Image from study 3. (211) 

We investigated in additional tests the susceptibility of a member of the genus 
Lysinibacillus, L. fusiformis M5, towards spent media of the tested B. subtilis strains, har-
vested from monocultures. We could see that under these conditions, surfactin had the 
most potent effect on growth inhibition of L. fusiformis, which was as well confirmed with 
pure surfactin. 
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The differences between the impact of nonribosomal peptides in the community and 
spent media experiments might be caused by very likely differences in concentration of 
the nonribosomal peptides, different sensitivities of Lysinibacillus present in the commu-
nities and L. fusiformis M5, and direct effects on community members which might indi-
rectly affect Lysinibacillus. 
 
In summary, we could show that nonribosomal peptides of B. subtilis had no major effects 

on the composition of bacterial communities, but were involved in the inhibition of the 

close related genera Lysinibacillus and Viridibacillus, which is in line with observations that 

phylogenetically and metabolically similar organisms are more likely antagonising each 

other (212).  

 

The next chapter will give a general introduction to microbial biofilms and highlights 

the impact of surfactin on B. subtilis biofilm formation and plant-root colonisation as well 

as B. subtilis’ capability of colonising fungal hyphae. 
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CHAPTER 5 | BACTERIAL BIOFILMS 

Biofilms are microbial aggregates in which cells are usually surrounded by a self-pro-
duced matrix of extracellular polymeric substances which are adhesive to each other and 
a solid-liquid, solid-gas, liquid-liquid or liquid-gas interface (18). In multi-layered bio-
films, only the bottom layer is in direct contact with the interface (213). Biofilms exhibit 
a high heterogeneity in terms of their biochemistry, spatial composition and temporal 
appearance (214). Cells in a biofilm are in very close distance to each other, which ena-
bles many interactions (18), which would not take place in planktonic cells, highlighting 
the differences in social behaviour between cells in biofilm and planktonic state (213). In 
nature, biofilms are not only composed of single species aggregates but are most likely 
consortia of various species from even different kingdoms (215). 

Furthermore, microorganisms develop biofilms as a survival strategy, since a biofilm 
protects the embedded cells from environmental stress and antimicrobials, free-living 
cells are more exposed to these factors (213). Due to their properties, biofilms are also 
interesting for industrial applications. They are among others used in bioremediation 
processes or as biofertilizers when using plant growth-promoting bacteria, as described 
previously (216, 217). On the other hand, these properties can also cause problems in, 
e.g. the public health sector, when pathogens form biofilms on medical devices or in 
human hosts which can result in chronic infections (218). 

5.1 Biofilm formation in B. subtilis 

B. subtilis is capable of forming a biofilm on solid medium as well as floating biofilms at 
the liquid-air interface, called pellicles. It produces an extracellular matrix which mainly 
consists of exopolysaccharides (EPS) and the protein TasA (219). The amyloid-like pro-
tein TasA is secreted in the extracellular space, forms fibres and anchors to the cell wall 
attaching protein TapA, which is causing a stable protein scaffold (220, 221). These two 
proteins are encoded by the tapA-sipW-tasA operon, of which the sipW gene synthesises 
a type I signal peptidase (SipW), involved in the processing and secretion of TasA and 
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TapA (219). Additionally, the hydrophobin BslA is important even though not involved 
in cluster formation, but ensures a high repellency of the biofilm surface and makes it 
impenetrable for water and low-surface-tension liquids (222, 223). The requirement of 
EPS and TasA for strong and stable biofilms was confirmed by Branda et al. (2006) since 
the absence of one of the components caused thin and weakened pellicles. In contrast, 
no pellicle was formed when both matrix components were missing (219). However, the 
lack of biofilm formation could be restored when ∆eps and ∆tasA mutants were co-culti-
vated, highlighting that EPS and TasA can be shared as a public good (224). Further-
more, Dragoš et al. (2018) showed that this division of labour from TasA producer and 
EPS producer in a ratio 30:70 exceed the average productivity of a wild type strain pro-
ducing both components (225). 

 
Figure 21. Biofilm formation of Bacillus subtilis. ECM, extracellular matrix; PCD, programmed cell 
death. Image was adapted from (226). 

Biofilm formation described by Vlamakis et al. (2013) starts with motile cells, which at-
tach to a surface and differentiate into non-motile and matrix producing cells (Figure 
21). The cells which are encased in extracellular matrix proliferate, form chains and 
aggregate. (95). While the biofilm grows, some cells are cannibalised through a process 
similar to programmed cell death causing a delay in sporulation, which is mediated by 
the sporulation killing factor, described in chapter 4 (136). In matured biofilms, cells 
form spores usually on the elevated structures of it (226) 
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Figure 22. Regulatory networks governing biofilm formation. Schematic of the complex regulatory 
pathways that control gene transcription during (A) planktonic growth and (B) growth as a biofilm. 
Rounded rectangles indicate proteins, triangles indicate open reading frames (ORFs), arrows indicate 
activation, T-bars indicate repression. Dashed arrows or T-bars indicate indirect activation and 
repression respectively. Green represents active gene transcription with a green arrow indicating 
translation, dark blue represents absence of gene transcription, red indicates a transcriptional repressor 
and orange indicates a protein–protein interaction. Light blue indicates a protein that is able to bind to 
DNA to activate transcription. Pink structure represents a flagellum, with the curved arrow indicating 
rotation and the cross indicating inhibition of flagellar rotation. Vertical rectangles labelled with “signal 
input” indicate sensor kinases for the Spo0A pathway, for more details see (95). Faded shading indicates 
parts of the pathway that are inactive. Image was adapted from (227). 

Since biofilm formation is a very costly procedure, the switch from motile state to matrix-
producing state is highly regulated and controlled, Cairns et al. (2014) reviewed its reg-
ulatory network, and the key processes are described as follows: Numerous environmen-
tal signals activate Spo0A, a global regulator in B. subtilis, which then triggers the syn-
thesis of two anti-repressors, namely AbbA and SinI (Figure 22). AbrB, a repressor of 
promoters involved in numerous cellular processes, including those which are essential 
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for biofilm formation, is inactivated by AbbA by binding to it. Furthermore, also Spo0A 
represses the transcription of abrB directly. Another repressor SinR, which inhibits the 
transcription of the operons epsA-O and tapA‐sipW‐tasA, is inactivated by SinI by bind-
ing to it. Besides of SinI, a second anti-repressor, SlrA binds as well to SinR and represses 
it. However, the activation signal for this pathway is still unknown. SinR is repressing 
the transcription of SlrR in the planktonic state, however, in the biofilm state SinR is 
repressed by SinI, and thus SlrR is transcribed. SlrR is as well a matrix production acti-
vator but also forms a SinR:SlrR complex which represses the transcription of genes 
involved in motility and autolysin. Furthermore, the DNA binding protein RemA acti-
vates matrix production when SinR is repressed (227). 
 
Some studies have described a linkage between surfactin production and biofilm for-
mation. For the strains B. velezensis FZB42, B. amyloliquefaciens UMAF6614 and 
B. amyloliquefaciens WH1 it was shown, that biofilm formation was disturbed in the sur-
factin non-producer mutants, but could be restored when pure surfactin was added (162, 
228, 229). Similar observations were also obtained from the laboratory strain B. subtilis 
3610, in which surfactin was described to cause potassium leakage by forming pores in 
the cell membrane and triggers biofilm formation (230). The surfactin mutants of 3610, 
as well as B. subtilis 6051, demonstrated a defective biofilm formation (217, 230). In con-
trast, various B. subtilis rhizosphere isolates and their surfactin mutants had comparable 
pellicle dry masses (231). 
 
Based on these results, we examined the necessity of surfactin for biofilm formation in 
both 3610 and B. subtilis environmental strains in study 6 (232). 
 
We examined why the originally studied surfactin mutant srfAA::erm (233) showed a de-
layed biofilm formation. Therefore, we created a new surfactin mutant srfAA::kan, which 
showed no noticeable differences to 3610. Even if the srfAA::erm marker gene was newly 
re-introduced into 3610, no differences were observable. Resequencing of the genomes 
of 3610, the original srfAA::erm mutant and newly created srfAA::erm mutant revealed, 
that the original srfAA::erm mutant harboured six unique point mutation. However, fur-
ther tests could not link these mutations to the impaired biofilm formation. 
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We tested the impact of surfactin on biofilm formation of 3610, srfAA mutant and non-
ribosomal peptide deficient mutant sfp in two different media (MSgg and MSNc pectin) 
via biofilm formation in liquid assays and on solid medium as well as via gene expression 
of the biofilm operons tapA-sipW-tasA and epsA-O.  

 
Figure 23. Pellicle formation is mildly affected by srfAA or sfp deletion. (A) Top-down view of pellicle 
assay in which the indicated mutants were incubated for 24 h at 30°C in MSgg or in MSNc + pectin. 
Results are representative of three experiments. (B–D) β-galactosidase activities of WT (3610), srfAA or 
sfp mutant harbouring the PtapA-lacZ reporter (B and C) or the Peps-lacZ reporter (D and E). Cells were 
grown in standing MSgg (B and D) or MSNc + pectin (C and E) pellicles for 20 h. Values represent the 
mean of five technical replicates, and the experiments are representative of at least three independent 
biological replicates. Error bars represent standard deviation, and letters represent =P <0.05. Image 
from study 6 (232). 

We could show that the absence of surfactin only slightly affected pellicle formation in 
the liquid medium compared to the wild type (Figure 23A). However, in MSNc pectin 
medium, the absence of nonribosomal peptides (sfp) was impairing the transcription of 
both operons (Figure 23C+E), while in MSgg, no effects were observable (Figure 
23B+D). On solid medium, the srfAA mutant showed small colonies which might occur 
since surfactin is necessary for swarming and sliding motility by reducing surface tension 
(Figure 24A) (159, 160). The expression of the epsA-O operon (Figure 24D+E) was 
strongly reduced. In contrast, the tapA-sipW-tasA operon (Figure 24B+C) was not af-
fected, which suggest that the wrinkles on the colonies primarily consist of TasA fibres. 
The sfp colonies were as well small but also flat, interestingly gene expression of both 
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operons was reduced. However, this might also be observable due to a reduced cell num-
ber and therefore, no transition into biofilm state. Further tests revealed that even the 
bacillibactin mutant showed a phenotype similar to sfp, suggesting that on solid medium 
iron uptake facilitated by the siderophore bacillibactin, and surfactin are necessary for 
robust biofilm formation. 

 
Figure 24. srfAA or sfp influences colony formation. (A) Top-down view of colonies incubated for 72 h 
at 30°C on solid MSgg or MSNc + pectin. Results are representative of three experiments. Scale bar 
are 5 mm. (B–D) β-galactosidase activities of WT (3610), srfAA or sfp mutant harbouring the PtapA-lacZ 
reporter (B and C) or the Peps- lacZ reporter (D and E). Cells were grown on solid MSgg (B and D) or 
MSNc + pectin (C and E) for 20 h. Values represent the mean of six technical replicates, and the 
experiments are representative of at least three independent biological replicates. Error bars represent 
standard deviation, and letters represent = P <0.05. Image from study 6 (232). 

The linkage between surfactin and biofilm formation was observed in non-biofilm in-
ducing conditions (230). However, in this study, we could demonstrate that biofilm de-
velopment of 3610 does not require surfactin under biofilm inducing conditions (MSgg 
and MSNc pectin) in liquid or solid medium.  
 
The necessity of surfactin for biofilm formation might be species-specific in Bacillus since 
it was mainly determined in B. amyloliquefaciens or B. velezensis strains. Zeriouh et al. (2014) 
showed the necessity of surfactin for biofilm formation in B. amyloliquefaciens UMAF6614 
in MOLP medium (228). However, we could demonstrate that environmental B. subtilis 
wild types and their surfactin mutants (srfAC) formed comparable pellicles in both MSgg 
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and MOLP medium. Thus, surfactin was not essential for robust biofilms (Figure 25). 
Lu et al. (2015) described the Bacillus sp. 916, which is capable of producing the lipopep-
tide bacillomycin from the iturin family. The authors found that a surfactin (srf) mutant 
formed thinner pellicles and flat colonies. Additionally, they suggest that the srf gene 
might also be involved in bacillomycin production, which is also needed for biofilm for-
mation (234). These results highlight differences in biofilm regulation among Bacillus 
species. 

 
Figure 25. Pellicle (in MSgg and MOLP media) and root associated biofilms of newly isolated B. subtilis 
strains (WT columns) and their respective surfactin mutants (srfAC columns). Scale bars indicate 4 mm 
and 50 μm for pellicle and root colonisation images, respectively. Pellicle assays were performed with 
non-labeled strains, while plant colonisation was followed using constitutively expressed GFP from 
Phyperspank. Image from study 6 (232). 

Biofilm formation of Bacillus spp. has high importance for their plant growth-promoting 
but also probiotic properties. It was shown that the extracellular matrix component EPS 
of B. subtilis could prevent an inflammatory disease impact and stimulate the host im-
mune system of mice (235). Furthermore, biofilm formation is also required for plant 
root colonisation (236), which will be described in the next section. 



Chapter 5 | Bacterial biofilms 
 

 
50 |  Ph.D. thesis by Heiko T. Kiesewalter 

In study 4, we demonstrated that B. velezensis DTU001 is capable of forming robust 
pellicles at the liquid-air interface as well as biofilms on solid medium similar to close 
related biofilm producers. These properties indicate that strain DTU001 can be assigned 
as a promising biocontrol agent. 

5.2 Plant root-associated biofilms 

In previous chapters, it was mentioned, that the rhizosphere is a nutrient-rich microbial 
hotspot in which plant growth-promoting bacteria, such as Bacillus spp., improve plant 
health by colonising the roots, inducing systemic resistance in the plants and suppress 
plant pathogens due to the production of antimicrobial secondary metabolites. In this 
ecosystem, the primary nutrient sources are organic material and plant roots (237). It 
was shown that B. subtilis is capable of colonising plant roots and form biofilm on them 
(217). Apart from this, the matrix genes necessary for biofilm formation in vitro are also 
crucial for plant root colonisation and plant polysaccharides such as arabino-galactan, 
pectin and xylan promotes biofilm formation in B. subtilis (236). Similar to observations 
in biofilm formation, the matrix components-lacking B. subtilis strains (∆eps and ∆tasA) 
could when co-cultivated complement each other in plant root colonisation (225). 
Debois et al. (2015) found that when Bacillus cells sense plant cell wall polymers (xylan 
or arabinogalactan) in planta, surfactin production is stimulated and induces systemic re-
sistance in the plants within the first hours (238). 
However, some of the studies, described in the previous section, demonstrated the ne-
cessity of surfactin not only for biofilm formation of Bacillus spp. but as well for plant root 
colonisation (162, 217).  
 
In study 6, we examined if the absence of surfactin impacts the ability of B. subtilis to 
colonise Arabidopsis thaliana plant roots at different time points. But we could not see any 
differences between 3610 and its srfAA mutant (232). Moreover, even the environmental 
B. subtilis strains and their surfactin mutants comparably colonised the plant roots 
(Figure 25). Plant polysaccharides trigger both surfactin production and biofilm for-
mation, but surfactin production is induced a few hours earlier than biofilm formation 
(236, 238). However, these results suggest that surfactin and biofilm production should 
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be considered as independent processes, at least in B. subtilis. While biofilm formation 
facilitates plant root colonisation, surfactin activates systemic resistance in the plants and 
functions as antimicrobial. 

5.3 Fungal hyphae-associated biofilms 

In nature, as mentioned previously, many biofilms are polymicrobial (215). Primarily, 
consortia of fungi and bacteria were found, e.g. in oral cavities of humans, in the lungs 
of cystic fibrosis patients, and as described in previous chapters in soil ecosystems (239–
241). In those bacterial-fungal biofilm consortia, various molecular communications, 
such as signalling, protein secretion, metabolite exchange and conversion, or adhesion 
can impact cell development, reproduction, growth, nutrition, movement, pathogenicity 
and stress resistance among others, in each partner (178). Several studies have shown, 
that bacteria can colonise hyphae of, e.g. Ascomycetes, Basidiomycetes and 
Zygomycetes and that these bacterial agglomerates or biofilms are promoted by extend-
ing fungal hyphae (242–244). Guennoc et al. (2018) could visualise that different hyphae-
colonising bacteria on the ectomycorrhizal fungus, Laccaria bicolor, were encased in a ma-
trix of extracellular polymeric substances (245). Benoit et al. (2014) demonstrated that 
likewise, B. subtilis, when co-cultivated with Aspergillus niger was attaching and growing on 
the fungal hyphae. They furthermore showed that defence mechanisms in both the bac-
terial and fungal partner were downregulated, interestingly, the surfactin production was 
reduced in B. subtilis. Besides, they observed in B. subtilis downregulation of genes in-
volved in single-cell motility, but no differences genes related to biofilm formation (246).  
 
In study 5, we investigated the importance of matrix components of B. subtilis during 
long-term fungal hyphae colonisation with the filamentous Ascomycota, A. niger and the 
Basidiomycota, A bisporus (247). 
 
We could demonstrate that B. subtilis wild type (Figure 26) was able to colonise the hy-
phae of A. niger and the global regulator Spo0A is crucial for it since a ∆spo0A mutant 
was incapable of colonisation. But when this mutant was complemented with a wild type 
strain, its ability to colonise was restored. This observation suggests either that the matrix 
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components produced by the wild type strain eased the integration of ∆spo0A into the 
biofilm or wild type signalling molecules triggered biofilm formation in the mutant. 

 
Figure 26. B. subtilis wild type (A) colonising A. niger hyphae whereas mutants lacking biofilm 
components, (B) TasA or (C) EPS are unable to grow on the hyphae. Strains lacking (D) the production 
of hydrophobin, BslA or (E) motility established stable colonisation on the mycelia. GFC: green 
fluorescent channel; RFC: red fluorescent channel. Scale bars indicate 20 μm. The images presented are 
representative examples selected from independent samples repeated on different days. Image was 
adapted from study 5 (247). 

Further investigations highlighted that the primary matrix components EPS and TasA 
are crucial for hyphal colonisation, whereas a lack of the hydrophobin BslA did not affect 
it (Figure 26). This finding is in line with observations described in the previous section, 
that matrix components are necessary for plant root colonisation (236). We demon-
strated as well that ∆eps and ∆tasA mutants, incapable of hyphae colonisation in mono-
culture, complemented each other when co-cultivated, which was previously also shown 
for pellicle formation and plant root colonisation (219, 225, 236). Moreover, it has been 
demonstrated for Burkholderia terrae that flagella are crucial for migration on fungal hy-
phae in soil (248). Our results showed that flagella mutants (∆hag), thus non-motile cells, 
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maintained their ability to colonise hyphae of A. niger, which hint that it might be envi-
ronment or species-specific. Noteworthy, our experiments were performed with slight 
agitation, thus very likely reducing the necessity of motility. 

 
Figure 27. Attachment of B. subtilis on A. bisporus hyphae. B. subtilis wild type and its corresponding 
mutants were co-cultivated with A. bisporus macro-colonies. Fungal macro-colonies were subsequently 
washed and visualized with confocal laser scanning microscopy. The images were recorded at the edge 
of the fungal macro-colonies. GFC: green fluorescent channel. Scale bars represent 20 μm. The images 
presented are representative examples selected from different positions of the fungal macro-colonies on 
independent samples repeated on different days. Image was adapted from study 5 (247). 

We could observe similar colonisation abilities of B. subtilis strains on A. bisporus hyphae 
than obtained from the studies with A. niger. A lack of either the global regulator Spo0A 
or each of the matrix components EPS or TasA led to no hyphae colonisation, while a 
lack of BslA or motility had no impact on it (Figure 27). Pandin et al. (2019) showed that 
B. velezensis could be used as a biocontrol agent in A. bisporus cultivation against the fungal 
pathogen T. aggressivum. They could visualise biofilm formation of B. velezensis in the com-
post, but no systematic co-localisation of B. velezensis and A. bisporus mycelium (249). 
However, our study highlights the importance of matrix components of B. subtilis for 
hyphal colonisation of A. niger as well as A. bisporus. 
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CHAPTER 6 | CONCLUDING REMARKS AND FUTURE 
PERSPECTIVES 

In nature, microorganisms are living in polymicrobial complex communities, which 
leads to a myriad of interactions between them. Many studies have reported that sec-
ondary metabolites are involved in these microbial interactions. While some of these 
compounds can serve as weapons in microbial warfare, others may act as signalling mol-
ecules. During the last years, the interest in their true ecological roles came in focus, why 
do microorganisms produce these compounds and what are their functions in nature at 
subinhibitory concentrations?  
 
Numerous studies have confirmed that the in vivo application of Bacillus spp. as plant 
growth-promoting or probiotic bacteria is a prosperous and promising alternative to in-
crease the health of plants, farmed animals and humans. However, other scientists se-
lected these strains mostly due to their excellent screening results, which leads to a biased 
general overview of environmental Bacillus strains. In this Ph.D. study, we investigated 
members of the genus Bacillus to strengthen our understanding of the ecological roles of 
secondary metabolites.  
 
We examined the diversity of B. subtilis environmental strains, isolated from 11 different 
sampling sites by comparing their antifungal potential. The results revealed that anti-
fungal potential depended on both the screened B. subtilis strain but also the targeted 
fungal strain. The tested Fusarium spp. were only susceptible to plipastatin, which was as 
well shown in a previous study for F. graminearum. However, B. cinerea was inhibited by 
primarily strains capable of producing surfactin and plipastatin, but in few cases only by 
plipastatin, suggesting that a combination of these two nonribosomal peptides had the 
most considerable impact. Since surfactin-plipastatin double mutants maintained a re-
duced inhibition potential, it could be further investigated if an additional disruption of 
the bacillibactin or bacillaene production in these double mutants impact the inhibition 
potential. A chemical analysis of the produced plipastatin and surfactin analogues per 
B. subtilis strain could reveal strain-dependent differences, which might affect their anti-
fungal potential as well. Additional chemical profiling for bacillaene and bacillibactin 
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would reveal if productions of these compounds differ as well among the isolates. In this 
Ph.D. study, we focused only on the antifungal potential of nonribosomal peptides, but 
future investigations could address their impact on plant pathogenic bacteria as well. 
Furthermore, we could demonstrate that even co-isolated strains indicated differences 
in surfactin and plipastatin production due to either missing core genes, a nonsense mu-
tation, or potentially altered gene regulation. This finding suggests that in some ecolog-
ical niches B. subtilis nonribosomal peptide producer and non-producer strains coexist. 
The question remains open why the loss of nonribosomal peptide genes seems to be 
frequent in B. subtilis environmental strains. However, such a loss of production might 
have an enormous impact on a single strain. Still, it would affect a non-producer strain 
less when acting like a cheater in a population with producer strains in which secondary 
metabolites are shared as a common good.  
 
The prediction of biosynthetic gene clusters of 13 selected B. subtilis strains highlighted 
that these strains had core biosynthetic gene clusters, mainly composed of nonribosomal 
peptides, and various accessory biosynthetic gene clusters. We focused in this study on 
the impact of nonribosomal peptides. Other studies could concentrate on the bacterioc-
ins of B. subtilis, which might have additional functions than the described antimicrobial 
ones. 
 
The B. velezensis strain DTU001 confirmed the great potential of this species as biocon-
trol agents, due to the larger amount of predicted secondary metabolites. Compared to 
the tested B. subtilis environmental strains, this strain produces additionally an antifungal 
nonribosomal peptide belonging to the iturin family. The screening revealed that pri-
marily this compound contributed to the broad antifungal potential. Furthermore, we 
could show that a mixture of the produced secondary metabolites had more potent bio-
activity than single compounds, similar to the B. subtilis screening against B. cinerea. We 
could show that DTU001 is capable of biofilm formation, but it would also be interesting 
to see if this strain colonises plant roots and fungal hyphae similar to B. subtilis.  
 
We could highlight the tremendous antifungal potential of Bacillus spp., which were me-
diated by nonribosomal peptides, especially plipastatin and iturin. In another study, we 
explored the impact of these compounds on bacterial communities. B. subtilis had no 
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significant effect on the soil-derived semi-synthetic bacterial mock communities. Still, 
the wild type reduced the frequency of the closely related genera Lysinibacillus and 
Viridibacillus, while this effect was relieved when its sfp mutant was invading the commu-
nity. The findings suggest that the suppression of the two genera was not only mediated 
by nonribosomal peptides, but they had a great impact on it. Therefore, it would be 
interesting to see if the produced bacteriocins can influence bacterial communities. How-
ever, similar results were obtained when B. velezensis FZB42 was added successfully as a 
biocontrol agent to lettuce, suggesting that biocontrol properties are mainly due to direct 
antagonism and inducing systemic resistance in the plant than having a significant im-
pact on the bacterial rhizosphere community. Noteworthy, our experiment performed 
in liquid cultures was a very simplified bacterial community compared to in vivo experi-
ments. Continuing investigations could use defined synthetic mock communities in arti-
ficial soil, which allows spatially separated microenvironments and therefore might 
impact the communities differently. However, we could show the susceptibility of 
L. fusiformis M5 to surfactin in a second experiment, even though bacillibactin showed 
the most considerable impact on Lysinibacillus in the mock communities.  
 
It was claimed that surfactin triggers biofilm formation in Bacillus spp. since strains were 
not capable of producing biofilm in the absence of this compound. However, we could 
demonstrate that surfactin was neither essential for biofilm formation nor plant root col-
onisation in B. subtilis 3610 and various environmental strains. Our findings suggest that 
surfactin production and biofilm formation in B. subtilis are two independent processes 
but both crucial for its biocontrol properties. To verify this assumption, in vivo experi-
ments could investigate differences in plant growth promotion and plant root colonisa-
tion in the presence and absence of surfactin.  
Moreover, the Ph.D. study revealed that 3610 is capable of colonising hyphae of A niger 
during long-term colonisation, which was claimed previously but not yet proofed before. 
Additionally, we could demonstrate that hyphae of A. bisporus were as well colonised by 
3610. Further tests showed that, as in the case of biofilm formation and plant root colo-
nisation, genes related to matrix production are crucial for hyphae colonisation. A pre-
vious study has shown that B. velezensis can protect A. bisporus from T. aggressivum but 
could not detect hyphae colonisation. Future studies could proof if B. subtilis colonises 
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A. bisporus hyphae as well in vivo settings, which can be then linked to its growth-promot-
ing abilities. 
 
In soil, bacteria interact not only with other bacteria and fungi but also with higher 
organisms, such as various protozoa. During the external stay, we performed pilot 
experiments to investigate the impact of nonribosomal peptides on interactions between 
B. subtilis and these bacterial predators. However, further investigations are needed to 
describe the exact implications of nonribosomal peptides on protozoa. 
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ABSTRACT 

Bacillus subtilis produces a wide range of secondary metabolites providing diverse plant-

growth-promoting and biocontrol abilities. These secondary metabolites include non-

ribosomal peptides (NRPs) with strong antimicrobial properties, causing either cell lysis, pore 

formation in fungal membranes, inhibition of certain enzymes, or bacterial protein synthesis. 

However, the natural products of B. subtilis are mostly studied either in laboratory strains or 

in individual isolates and therefore, a comparative overview of secondary metabolites from 

various environmental B. subtilis strains is missing. 

In this study, we have isolated 23 B. subtilis strains from eleven sampling sites, compared the 

fungal inhibition profiles of wild types and their NRPs mutants, followed the production of 

targeted lipopeptides, and determined the complete genomes of 13 soil isolates. We 

discovered that non-ribosomal peptide production varied among B. subtilis strains co-isolated 

from the same soil samples. In vitro antagonism assays revealed that biocontrol properties 

depend on the targeted plant pathogenic fungus and the tested B. subtilis isolate. While 

plipastatin alone is sufficient to inhibit Fusarium sp., a combination of plipastatin and surfactin 

is required to hinder the growth of Botrytis cinerea. Detailed genomic analysis revealed that 

altered NRP production profiles in certain isolates is due to missing core genes, nonsense 

mutation, or potentially altered gene regulation.  

Our study combines microbiological antagonism assays with chemical NRPs detection and 

biosynthetic gene cluster predictions in diverse B. subtilis soil isolates to provide a broader 

overview of the secondary metabolite chemodiversity of B. subtilis. 

 

IMPORTANCE 

Secondary or specialized metabolites with antimicrobial activities define the biocontrol 

properties of microorganisms. Members of the Bacillus genus produce a plethora of 

secondary metabolites, of which non-ribosomally produced lipopeptides in particular display 

strong antifungal activity. To facilitate prediction of the biocontrol potential of new Bacillus 

subtilis isolates, we have explored the in vitro antifungal inhibitory profiles of recent B. subtilis 

isolates, combined with analytical natural product chemistry, mutational analysis, and 

detailed genome analysis of biosynthetic gene clusters. Such a comparative analysis helped 

to explain why selected B. subtilis isolates lack production of certain secondary metabolites.  
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INTRODUCTION 

The rhizosphere is well known as a microbial hotspot since it can be seen as a nutrient-rich 

oasis surrounded by otherwise nutrient-limited regions of soil. This ecosystem comprises a 

plethora of intra- and interspecies interactions between bacteria, fungi, plants and higher 

organisms mediated by a diversity of natural products. Soil bacteria, in general, are capable 

of producing a huge amount of different secondary or specialized metabolites, which 

although not essential for growth, might have miscellaneous functions. However, our 

understanding of the true ecological role of these specialized metabolites has just begun to 

unfold. On the one hand, secondary metabolites are assumed to be biological weapons that 

provide the producer strains a competitive advantage in asserting themselves in an ecological 

niche (1). On the other hand, at subinhibitory concentrations, secondary metabolites are also 

described as signaling molecules within microbial communities or influencers of cellular 

differentiation (2–4).  

 

One of the most intensely studied species of soil bacteria is Bacillus subtilis that serves as a 

laboratory model organism for biofilm formation and sporulation (5). B. subtilis is the type 

species of the B. subtilis species complex, containing the phylogenetically and phenetically 

homogeneous species B. subtilis, Bacillus amyloliquefaciens, Bacillus licheniformis and 

Bacillus pumilus (6). Several studies have shown, that members of the genus Bacillus produce 

various secondary metabolites of which many have bioactive properties (7, 8). These 

secondary metabolites, including polyketides, terpenes, siderophores and both ribosomal 

and non-ribosomal synthesized peptides are encoded by large biosynthetic gene clusters 

(BGCs) (9). While numerous natural products have been identified in the B. subtilis species 

complex, the diversity of secondary metabolite production in numerous isolates from the 

same niche has not been explored to understand their ecological functions. 

 

Furthermore, it has been shown that Bacillus sp. have excellent biocontrol properties by 

promoting plant growth and reducing plant diseases caused by both plant pathogenic fungi 

and bacteria (10). These properties are mostly linked to their secondary metabolite profiles. 

One very potent chemical group of secondary metabolites are non-ribosomally produced 

lipopeptides which have various antimicrobial properties. Bacillus sp. produce different 
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lipopeptide isoforms belonging to the families of surfactins, fengycins or iturins (11). A 

comparison of predicted BGCs from distinct Bacillus genomes assigned 11 BGCs to B. subtilis 

strains (12). Notably, a predicted BGC is not proof of the synthesis of the natural product. 

Gene silencing or absence of unidentified environmental triggers can be a reason for the lack 

of BGC expression (9). 

 

In this study, we focus on non-ribosomal peptides (NRPs) produced by recently isolated 

B. subtilis soil isolates, whose biosyntheses depend on the phosphopantetheinyl transferase 

Sfp. This transferase plays an important role in the NRP syntheses in B. subtilis, since it 

functions as an activator of the peptidyl carrier protein domains, converting it from the 

inactive apo-form to the active holo-form by transferring the 4-phosphopantetheine of 

Coenzyme A as prosthetic group to a conserved serine residue (13). NRPs are synthesized by 

large enzyme-complexes, non-ribosomal peptide synthetases (NRPSs) (9). B. subtilis harbors 

three NRPS gene clusters (surfactin, plipastatin and bacillibactin) and one hybrid NRPS-PKS 

gene cluster (bacillaene). The domesticated B. subtilis laboratory strain 168 contains an 

inactive sfp gene due to a frameshift mutation, causing the incapability of NRP production 

(13–15). Surfactin, encoded by the srfAA-AD gene cluster, is a well-studied biosurfactant and 

is involved in reducing surface tension needed for swarming and sliding motility (16, 17). 

Surfactin has cytolytic activity which is mainly based on its surfactant activity, causing cell lysis 

due to penetration of bacterial lipid bilayer membranes and forming ion-conducting channels 

(9, 18–23). The powerful antifungal lipopeptide plipastatin, chemically very similar to 

fengycin, but distinct D-tyrosine position within the peptide backbone, is synthesized by the 

ppsA-E gene cluster. However, it was recently shown that B. subtilis, Bacillus velezensis and 

Bacillus amyloliquefaciens mainly produce plipastatin and not fengycin (24). The detailed 

mode of action of plipastatin is not yet investigated but it is believed that it functions as an 

inhibitor of phospholipase A2, forming pores in the fungal membrane and causing 

morphological changes in fungal membrane and cell wall (9, 25, 26). Many studies have 

shown that plipastatin and fengycin are bioactive against diverse filamentous fungi (23, 27–

32). Bacillaene, expressed from the pksB-S gene cluster, is a broad-spectrum antibiotic mainly 

acting by inhibiting bacterial protein synthesis, additionally it was also shown that it can 

protect cells and spores from bacterial predators (33, 34). Bacillibactin, synthesized by the 
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dhbACEBF gene cluster, is a siderophore and transports iron from the environment to the cell 

(35). However, no studies have been published on its antimicrobial properties. 

 

Most studies in the literature concentrate on single Bacillus sp. isolates, often discovered due 

to excellent antimicrobial properties. In this study, we focused on recently and systematically 

isolated B. subtilis environmental strains to get a more comprehensive overview of the 

chemodiversity within the species. We concentrated on differences in their antifungal 

properties, NRP production and genomic background of secondary metabolite arsenal. The 

antifungal properties of natural isolates and their respective NRP mutant derivatives were 

tested by antagonism assays with the three plant pathogenic fungi Fusarium oxysporum, 

Fusarium graminearum and Botrytis cinerea. F. oxysporum is a known plant pathogenic 

fungus causing Fusarium wilt in tomato, tobacco or banana plants amongst others (36). F. 

graminearum causes Fusarium head blight in different cereal crops (37). B. cinerea has a very 

wide variety of hosts, however, its main hosts are wine grapes and other fruits where it is 

causing the grey mold disease (38, 39). Using a library of B. subtilis isolates, we identified the 

NRPs that are responsible for inhibiting Fusarium sp. and Botrytis cinerea. Further, using 

fungal inhibition profiles, chemical detection of the NRPs, and detailed genomic analysis, we 

discovered that isolates originating from the same soil sample site possess distinct secondary 

metabolite production abilities suggesting chemical differentiation of B. subtilis in the 

environment.  
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RESULTS 

Testing the antifungal potential of B. subtilis isolates. A small library of B. subtilis isolates has 

been established from various locations in Denmark and Germany (see Materials and 

Methods). To confirm that NRPs produced by these B. subtilis soil isolates have antifungal 

potential, we screened both wild type isolates and their sfp mutants (Fig. 1A) as well as their 

single NRP mutant derivatives srfAC, DppsC and DpksL (Fig. 1B) against the three plant-

pathogenic fungal strains F. oxysporum, F. graminearum and B. cinerea.  

 

FIG 1 (A) Antagonism assays between the plant pathogenic fungi Fusarium oxysporum, 
Fusarium graminearum and Botrytis cinerea, and the B. subtilis soil isolates (left) as well as 
their NRP deficient sfp mutants (right). (B) Antagonism assays between the plant pathogenic 
fungi and B. subtilis soil isolates (upper left) as well as their single non-ribosomal peptide 
mutants srfAC (upper right, no surfactin), ∆ppsC (lower right, no plipastatin) and ∆pksL (lower 
left, no bacillaene). 5 μl of bacterial overnight culture and fungal spore suspension was 
spotted on the edges (bacteria) and in the center (fungi) of potato dextrose agar (PDA) plates. 
Strains were co-cultivated at 21-23°C for 6 days. (C) Mass spectrometric analysis based on 
extracted ion chromatograms (m/z 1000–1600) displayed various production levels of 
surfactin and plipastatin among B. subtilis soil isolates. The standard mixtures of plipastatin 
and surfactin are shown below. 
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The mutant screen allowed us to verify if a single NRP or a mixture of them is responsible for 

the bioactivity.  

The qualitative assessment of antifungal potential from 22 tested isolates was classified into 

inhibition, minor inhibition and no inhibition by comparing mutant strains to their 

respectively wild types and wild types with each other (Fig. 2A, Fig. S2). The incidence of a 

distinct inhibition zone was defined as inhibition, while no inhibition refers to a total loss of 

inhibitory potential which appeared in surrounded or overgrown bacterial colonies by the 

fungus.  

 

FIG 2 (A) Overview of qualitative evaluation of antagonisms assays assigned to inhibition, 

minor inhibition and no inhibition. (B) Overview of the detected non-ribosomal peptides 

surfactin and plipastatin in the extracts of wild type soil isolates by ESI–MS. The production 

of the compounds based on their detection was classified as production (detected), reduced 

production (detected, but in a lower lever) and no production (undetected). 

To increase the possibility of differentiating between slight distinctions, we assigned strains 

exhibiting a reduced antagonism to the class minor inhibition. This observation differed 

between mutant derivatives and WTs. We specified minor inhibitions for WT, srfAC, DppsC 

and DpksL strains when a thin layer of fungal hyphae was growing into the visible clearing 

zone towards the bacterial colony. In contrast, for sfp mutants, it described a not entirely loss 

of bioactivity (Fig. S1). Two isolates P5_B2 and P8_B2 were excluded from further antifungal 
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screening since these strains were not naturally competent, and therefore we were unable to 

create NRP mutants. However, both wild types showed no inhibition of Fusarium sp. or 

B. cinerea. 

20 of 22 tested wild types showed inhibition of F. oxysporum and F. graminearum, whereas 

their sfp mutants showed no growth inhibition. Exceptions were the strains 73 and MB9_B6 

which showed no antagonistic effects against Fusarium. For all 20 bioactive strains, only their 

DppsC mutants, incapable of producing plipastatin, lost the bioactivity against both Fusarium 

species comparable to the sfp mutants. 

The screening revealed that B. cinerea is not as sensitive to a single compound as observed in 

the case of Fusarium. All tested WT strains inhibited B. cinerea, merely three strains showed 

minor inhibition. Similar to the Fusarium antagonism, strains incapable of producing NRPs (sfp 

mutant) lost their abilities to hinder B. cinerea growth. Only two of the sfp mutants showed 

remaining antagonistic effect albeit reduced compared to their respective WTs. The 

inactivation of either plipastatin or surfactin production caused different screening results 

depending on the specific soil isolate. Five of the strains showed minor inhibition or 

unaffected inhibition when surfactin production was disrupted, but a total loss of inhibition 

when the plipastatin BGC was absent in a given strain. Another group of five strains displayed 

only minor inhibitions independent of the lack of BGCs for surfactin or plipastatin. The 

majority of tested strains (i.e. 10 isolates), were not affected by the inactivation of surfactin 

production, however, the lack of plipastatin BGC caused minor inhibition. As an exception, 

two strains exhibited a total loss of bioactivity against B. cinerea without the surfactin BGC 

but still minor inhibition when plipastatin gene cluster was lacking. None of the bacillaene 

(∆pksL) mutants displayed any changes compared to their WTs. 

Among all strains, three strains stand out in the antifungal screen. Strains 73 and MB9_B6 

lacked inhibition of F. oxysporum and F. graminearum and displayed reduced inhibition of B. 

cinerea. Both their sfp and srfAC derivatives showed a complete loss of bioactivity against B. 

cinerea. In contrast to these strains, isolate MB9_B4 showed no antifungal inhibition when 

plipastatin BGC was disrupted. 

 

Chemical characterization of B. subtilis isolates and their mutant derivatives. Screening of 

antifungal activities revealed potential differences in surfactin and plipastatin production 

among the isolates. Therefore, to compare the production of these NRPs among the soil 
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isolates, a targeted LC-MS analysis was performed targeting compounds with m/z values 

between 1000 and 1600 (40, 41). Interestingly, even co-isolated strains showed varying NRP 

production (Fig. 1C). The qualitative analysis disclosed that the majority of strains produced 

both surfactin and plipastatin (Fig. 2B, Fig. S3), while the three peculiar strains from the 

antifungal screening have a distinct natural product profile. Plipastatin was not detectable in 

the extracts from strains 73 and MB9_B6. Absence of plipastatin production by these isolates 

correlates with lack of antagonism against the Fusarium species and reduced B. cinerea 

inhibition compared to other isolates. Additionally, strain MB9_B4 with strongly lowered 

surfactin level displayed a reduced inhibition of B. cinerea. Importantly, the plipastatin 

mutant of MB9_B4 exhibited a total loss of antagonism. The results demonstrate that if wild 

types do not produce plipastatin or surfactin and production of the counterpart NRP is 

genetically hindered, strains lose the bioactivity against B. cinerea.  

 

Synergism between plipastatin and surfactin for B. cinerea inhibition. The deletion mutant 

screen in combination with chemical profiling suggested that the presence of either 

plipastatin or surfactin is sufficient for inhibiting the growth of B. cinerea. To test this 

hypothesis, both BGCs were disrupted in strains that were found to be capable of producing 

both compounds in chemical profiling. However, all three tested srfAC-∆ppsC double-mutants 

maintained bioactivity against the fungus (Fig. S4A), even though targeted LC-MS analysis of 

two of these tested strains confirmed the lack of both lipopeptides (Fig. S4C). These data 

indicate that either the bioactivity is not only caused by surfactin and plipastatin for some of 

the strains or intermediates secreted in these mutants preserve the bioactive properties that 

hamper B. cinerea growth. 

 

Prediction of biosynthetic gene cluster potential of the isolates from their genome 

sequences. Based on the antifungal screening results and the origin of the isolate, 13 

B. subtilis strains were selected for genome sequencing, in addition to one B. licheniformis 

strain used as an outlier (42). The genomes were analyzed with antiSMASH (43) to obtain an 

overview of all predicted BGCs (Fig. 3) and their similarity to known clusters. Importantly, 

these predictions highlight the genomic potential, but not the actual production of secondary 

metabolites. Additionally, the whole BGCs and not solely the core genes are compared to 

gene clusters of appropriate reference strains. 
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FIG 3 Overview of predicted biosynthetic gene clusters (BGCs) by antiSMASH of 13 B. subtilis 
and one B. licheniformis (P8_B2, right) soil isolates. Color-code visualizes the similarity of 

BGCs to a reference BGC, whereby the grey color (0 %) indicates their absence. The cladogram 

is based on a core gene alignment by the pan-genome pipeline Roary. 

 

The BGCs for the sfp-dependent non-ribosomal peptides surfactin, plipastatin, bacillaene and 

bacillibactin were predicted in all B. subtilis isolates except for the bacillaene BGC absent in 

isolate P5_B2. The surfactin gene cluster shows for the majority of strains a similarity of 100 % 

compared to the reference, while only isolate P5_B2 exhibit a lower similarity due to minor 

differences in genes of the gene cluster. Likewise, for the plipastatin gene cluster, the greater 

number of B. subtilis strains showed a similarity of 100 %, except strains 73 and P5_B2 which 

both displayed absent genes compared to the reference gene cluster. Bacillibactin, subtilosin 

A and bacilysin are present in all B. subtilis strains with a similarity of 100 %. The sporulation 

killing factor is present in five strains, but these are lacking the gene cluster for subtilomycin 
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production. On the contrary, six strains are predicted to code for subtilomycin synthesis and 

are vice versa missing the genes of the sporulation killing factor. Phelan et al. observed, that 

the subtilomycin gene cluster of a marine isolate is present in the genomic locus of the 

sporulation killing factor gene cluster (44). Finally, neither sporulation killing factor nor 

subtilomycin synthesis are predicted to be present in strains P5_B1 and P5_B2, however, 

subtilisin genes seem to be present in P5_B1. Strain P5_B2 represents an outlier among the 

B. subtilis isolates, since it possesses only the BGCs for the core secondary metabolites of B. 

subtilis, except bacillaene, but none of the accessory BGCs differentially present in the others. 

In line with the inhibition data, B. licheniformis P8_B2 has a deviating profile of BGCs. Three 

gene clusters show similarity to plipastatin, bacillibactin and butirosin with 30 %, 53 % and 

7 %, respectively. Additionally, the BGCs for the species-specific secondary metabolites, 

lichenysin and lichenicidin were predicted in P8_B2 with 100 % similarity. 

 

Detailed comparison of BGC structures explains lack of NRP production. Differences in both 

the antifungal potential and plipastatin or surfactin production based on the targeted LC-MS 

analysis combined with the BGC prediction with antiSMASH led us to concentrate more on 

the non-producer or predicted non-producer strains MB9_B4, 73, MB9_B6 and P5_B2. To 

understand why these strains show these characteristics, the core genes of surfactin, 

plipastatin and bacillaene were analyzed in their presence and absence and compared to the 

BGCs of co-isolated producer strains (Fig. 4). 

MB9_B4 showed a hampered surfactin production, even though all core genes of the surfactin 

BGC are present equally to the co-isolated producer strain MB9_B1 (Fig. 4A). We further 

analyzed genes involved in the regulation of surfactin BGC transcription. The comparison of 

comA of all 13 B. subtilis strains revealed six mutated regions, however, five of them were 

silent mutations. Interestingly, the point mutation at nucleotide position 3 is unique for 

MB9_B4 and causing an alteration in the translation initiating methionine (Fig. S5B). 

Consequently, the coding region of comA is reduced by 13 amino acids. It was shown, that 

the response regulator ComA triggers directly the transcription of the srfA operon by binding 

to its promoter region (45–47). The conserved residues at the amino acid position 8 and 9 

that are reported to be one out of three targets for ComP-catalyzed phosphorylation are not 

translated due to the mutation in MB9_B4 (48). The results led us to assume, that surfactin 

production of MB9_B4 might be hampered due to altered regulatory processes. 
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FIG 4 Comparison of core genes of the biosynthetic gene clusters (A) surfactin and (B) 

plipastatin from co-isolated B. subtilis producer (+) and non-producer (-) strains. (C) 
Comparison of core genes of the biosynthetic gene clusters of bacillaene from two co-isolated 

B. subtilis strains. 

Plipastatin was not detectable in the strains 73, MB9_B6 and P5_B2 and all were incapable of 

inhibiting the tested Fusarium strains. Analyses of the pps gene cluster from strains 73 and 

P5_B2 revealed the presence of only smaller fragments of the genes ppsA, ppsC and ppsD, a 

complete absence of ppsB, but a present ppsE gene (Fig. 4B). Interestingly, MB9_B6 is 

harboring all five pps core genes, however, the translation of the ppsB gene is interrupted by 

a point-nonsense mutation G→A which causes an amino acid change from tryptophan to a 

termination codon (Fig. S5A). The resulting non-translated region of 41 amino acids results in 

dysfunction of the carrier and epimerization regions of the second domain. Therefore, the 

plipastatin production is most likely inactive due to either missing core genes or a disrupted 

ppsB gene. 

In this study, we have not measured the production of bacillaene, nevertheless, strain P5_B2 

is missing all core genes of the pks gene cluster except pksS (Fig. 4C). This genomic background 

strongly supports the assumption, that P5_B2 is incapable of producing bacillaene.  
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We conclude that differences in the synthesis of surfactin, plipastatin and bacillaene are 

caused either due to regulatory processes, a disrupted core gene caused by a point-nonsense 

mutation or a loss of several core genes, highlighting the diversity of NRP production in soil 

isolates of B. subtilis. 

 

Intraspecies interactions of soil isolates. In addition to the antifungal activities, strains 

isolated from the same sampling site were co-cultivated to determine if they inhibit one 

another (Fig. 5A). This allowed examination of co-isolates from 5 different sample sites. These 

results were compared to their BGC profiles predicted by antiSMASH (Fig. 5B). Importantly, 

none of the strains showed self-inhibition, except MB8_B10 that displayed a clear inhibition 

zone. Strain 73 inhibited strain 75, but not vice versa. The BGC of the lantibiotic subtilomycin 

is predicted for strain 73 but absent in strain 75. Both MB8_B1 and MB8_B10 have a predicted 

subtilomycin BGC and inhibited MB8_B7. Furthermore, these strains showed only minor 

inhibitions to each other. MB8_B7 is inhibiting both MB8_B1 and MB8_B10, which can be 

traced back to the predicted BGC of sublancin. MB9 strains showed one common BGC, 

subtilomycin and in line with this, no inhibition was detectable during the antagonism 

screens. P5_B1 harboring a predicted subtilin BGC inhibited P5_B2, which has none of the 

targeted BGCs predicted. Nevertheless, P5_B2 showed still a reduced inhibition of P5_B1. In 

line with antiSMASH predicting the presence of sublancin BGC in both P8_B1 and P8_B3, 

these isolates inhibited their co-inhabitant P8_B2. This B. licheniformis strain, P8_B2 had none 

of the targeted BGCs predicted, but the B. licheniformis-specific BGCs of butirosin, lichenysin 

and lichenicidin. However, P8_B2 was inhibiting P8_B1 and showed minor inhibition of P8_B3. 

Based on the screening results and predicted BGCs, we can assume that strains having the 

same BGCs were not inhibiting each other or showed only minor inhibition. Moreover, strains 

with different BGCs had a variable inhibitory effect on each other, possibly due to the lack of 

resistance genes for the specific secondary metabolite. 
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FIG 5 (A) Overview of intra-species inhibition of co-isolated B. subtilis strains. Target strains 
were embedded in 1 % LB agar and 8 µl of focal strains were spotted on top. Plates were 
incubated at 37°C for 24 h. (B) Overview of predicted accessory BGCs by antiSMASH.  
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DISCUSSION 

Undomesticated isolates of B. subtilis produce a wide range of different secondary 

metabolites, defining their biocontrol properties. The produced secondary metabolites affect 

fungal and bacterial growth and differentiation, and possibly other macroorganisms. Our 

study provides an overview of the antifungal properties and secondary metabolite profiles of 

recently and partly co-isolated environmental strains of B. subtilis. 

 

Our screening results revealed that antifungal properties vary among B. subtilis soil isolates 

and interestingly also among co-isolated strains from the same soil sample. We demonstrated 

that only plipastatin is necessary to inhibit the growth of F. oxysporum and F. graminearum. 

Plipastatin is known as a powerful fungicide by inhibiting the phospholipase A2 and forming 

pores in fungal membranes (9, 25, 26). On the contrary, the anti-Botrytis potential of B. 

subtilis is linked to multiple sfp-dependent NRPs, both surfactin and plipastatin contribute to 

full fungal inhibition. Disrupting the BGC responsible for the production of surfactin or 

plipastatin in the strain that produces only one of these NRPs eliminated the strains’ anti-

Botrytis activity, while the mutating of both BGCs in a strain that originally produces both 

surfactin and plipastatin still maintains slight activity against B. cinerea, despite a clear sfp-

dependent inhibition. In the case of both BGC mutants, only one gene in the respective BGC 

was knocked out, thus potential intermediates might be produced that affect the fungal 

growth. Further purification of bioactive natural products will be necessary to reveal the 

chemical nature of the inhibitory molecule. Plausibly, these strains might additionally produce 

cell wall degrading enzymes or volatiles which could contribute to the observed remaining 

antifungal activity. Nevertheless, production of plipastatin or a combination of both 

plipastatin and surfactin are important in B. subtilis to suppress B. cinerea growth.  

 

Genetic differentiation and loss of secondary metabolite production is a rapid process 

observed previously with laboratory strains of B. subtilis. The most widely used B. subtilis 

model strains (e.g. 168 and PY79) have been observed to rapidly lose their ability to produce 

NRPs during domestication due to a mutation in the sfp gene (49). The lack of surfactin 

production reduced swarming, therefore easy cultivation on agar media probably influenced 

domestication of this species. 
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Interestingly, hampered surfactin production was noticed in isolate MB9_B4. We hypothesize 

that the reduction of surfactin production might be due to altered gene regulation by a 

mutation in the comA gene. However, it is unclear to what extend the ComA protein level is 

affected due to mutation in the translation initiating methionine and whether the potentially 

altered level of this transcription factor in strain MB9_B4 mitigates sufficient binding to the 

promoter region of srf to activate its transcription (50). Repair of the comA mutation could 

potentially corroborate if this single mutation is causing the reduced surfactin production in 

MB9_B4. Notably, the srf operon also codes for the anti-adaptor protein ComS, which is 

required for competence development (51). The reduced expression of srf gene cluster would 

also attenuate the co-transcription of comS, therefore causing diminished competence. 

However, we found no evidence that competence is affected in MB9_B4 compared to other 

isolates. 

 

Besides reduced surfactin production, plipastatin was not detected in the extracts of three 

isolates: 73, MB9_B6 and P5_B2. A point-nonsense mutation could be identified in the ppsB 

gene of strain MB9_B6, which possibly hinders the assembly of a functional plipastatin 

producing complex. In contrast, strains 73 and P5_B2 show a complete loss of ppsB and only 

fragments of the core genes ppsA, ppsC and ppsD are present, resulting in lack of plipastatin 

production. Intriguingly, these two strains that were isolated from soil samples in Germany 

and Denmark, carry very similar deletions in the pps gene cluster. Finally, strain P5_B2 lost 

almost the complete pks gene cluster.  

 

These intriguing examples of partial BGCs in environmental B. subtilis strains highlight the 

possibility for secondary metabolite production loss in nature. Moreover, these observations 

suggest that either the selection pressure is not strong enough to maintain the production of 

these specialized metabolites in the particular niches or that secondary metabolites can be 

shared as common goods in bacterial populations, therefore these derivatives can act as 

cheaters. Besides, the appearance of producer and non-producer strains in a bacterial 

population can be also seen as a division of labor, as suggested to be present in the 

Streptomyces genus (52). It remains to be examined whether the derivatives with mutated 

secondary metabolite production has altered fitness when growing in soil. However, the 
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natural role of most secondary metabolites is ambiguous; thus, gene loss in these BGCs in 

nature might be not as detrimental as expected from in vitro laboratory observations. 
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MATERIAL AND METHODS 

Strains, media and chemicals. All strains that were used in this study or that were used solely 

as gDNA donors for transformation are listed in Table S1. For routine growth, bacterial cells 

were cultured in Lysogeny Broth medium (LB-Lennox, Carl Roth, Germany; 10 g l−1 tryptone, 

5 g l−1 yeast extract and 5 g l−1 NaCl) supplemented with 1.5 % Bacto agar if required. When 

necessary, antibiotics were used at the following concentrations: MLS (1 μg mL-1 

erythromycin, 25 μg mL-1 lincomycin); spectinomycin (100 μg mL-1); chloramphenicol 

(5 μg mL-1), tetracycline (10 μg mL-1), erythromycin (5 μg mL-1) and ampicillin (100 μg mL-1). 

Soil isolates were obtained from 11 sampling sites in Germany and Denmark (see Table S1 for 

coordinates) by selecting for spore formers in the soil. Soil samples were mixed with 0.9 % 

saline solution, vortexed on a rotary shaker for 2 min, incubated at 80 °C for 25 min and 

serially diluted on LB medium solidified with 1.5 % agar (53). Highly structured colonies were 

targeted and isolation of B. subtilis strains was confirmed using 16S sequencing followed by 

whole-genome sequencing of 13 selected strains (42) and one additional isolate identified as 

B. licheniformis. 

F. oxysporum, F. graminearum and B. cinerea were revived on Potato Dextrose Agar (PDA, 

BD, USA, potato infusion 4 g l−1, glucose 20 g l−1, agar 15 g l−1) supplemented with 0.5 g l−1 

CuSO4 and 0.5 g l−1 ZnSO4 to harvest spores. 

 

B. subtilis mutant strain construction. Strains 23, 38, 39, 64, 72, 73, 75 and 77 were isolated 

specifically by labelling with constitutively expressed gfp from Phyperspank using phyGFP plasmid 

that integrates into the amyE locus (54). Mutant strains were obtained using natural 

competence (55) by transforming genomic DNA and selecting for antibiotic resistance, 

followed by verifying the mutation by PCR. Mutants were constructed by transforming gDNA 

of the following strains: sfp mutants from DS3337 (56), srfAC mutants from DS1122 (57), 

∆pksL mutants from DS4085 (34) and ∆ppsC mutants from DS4114 (34). The srfAC-∆ppsC 

double mutants were obtained by transforming gDNA from DS4114 (34) into the respective 

srfAC mutants. 

 

Antagonism assays between plant pathogenic fungi and B. subtilis soil isolates. Spores of 

fungal cultures grown at 21-23°C for 5–7 days on sporulation medium were harvested using 
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10 ml saline tween solution (8 g l−1 NaCl and 0.05 ml l−1 Tween 80) and filtered through 

Miracloth (Millipore; Billerica, USA) following the protocol described from Benoit et al. (58). 

The spore solution was centrifuged 5000 rpm for 10 min, resuspended in saline tween 

solution and stored at 4°C until use. 5 μl of bacterial overnight cultures and fungal spore 

suspension were spotted on the edge (bacteria) and in the center (fungus) of Potato Extract 

Glucose Agar (PDA) plates (Carl Roth, Germany; potato infusion 4 g l−1, glucose 20 g l−1, agar 

15 g l−1, pH value 5.2 ± 0.2). Plates were cultivated at 21-23°C for 6 days and antagonistic 

observations were qualitatively documented. 

 

Extraction of secondary metabolites. Bacterial strains were cultured on PDA plates and 

incubated at 30°C for 3 days. A 6 mm-diameter size agar plug of the bacterial culture was 

transferred to a 2 mL size Eppendorf tube and extracted with 1 mL organic solvent (2-

propanol:EtOAc (1:3, v/v) containing 1 % formic acid). The tubes were then sonicated for 

60 min. The solutions were transferred to new tubes, evaporated under N2, and redissolved 

in 300 μL of MeOH before further sonication for 15 min, followed by 3 min of centrifugation 

(13,400 rpm). After centrifugation, the supernatants were transferred to clean HPLC vials and 

subjected to ultrahigh-performance liquid chromatography-high resolution mass 

spectrometry (UHPLC-HRMS) analysis. 

 

UHPLC-HRMS analysis. A volume of 1 µL extract was subjected to UHPLC-HRMS analysis. 

UHPLC-HRMS was performed on an Agilent Infinity 1290 UHPLC system fitted with a diode 

array detector. Liquid chromatography was run on an Agilent Poroshell 120 phenyl-hexyl 

column (2.1 × 250 mm, 2.7 μm) at 60°C with MeCN–H2O gradient, both containing 20 mM 

formic acid. A linear gradient of 10 % MeCN/H2O to 100 % MeCN over 15 min was initially 

employed, followed by an isocratic condition of 100 % MeCN for 2 min before returning to 

starting conditions of 10 % MeCN/H2O for 3 min, all at a flow rate of 0.35 mL/min. An Agilent 

6545 QTOF MS equipped with an Agilent Dual Jet Stream electrospray ion (ESI) source was 

used for MS detection in positive ionization. The MS detection was performed with a drying 

gas temperature of 250°C, drying gas flow of 8 L/min, sheath gas temperature of 300°C, and 

sheath gas flow of 12 L/min. The capillary voltage was set to 4000 V and nozzle voltage to 
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500 V. MS data were processed and analyzed using Agilent MassHunter Qualitative Analysis 

B.07.00. 

 

Intraspecies interactions. Bacterial overnight cultures were adjusted to an OD of 2. LB plates 

were prepared with the agar overlay technique: 10 mL LB medium containing 1.5 % agar 

functioned as a bottom layer and was overlaid by 10 mL LB medium containing 1 % agar that 

was pre-inoculated with the target strain in a 1:200 dilution. 8 µL of the focal strain was 

spotted on the 25 min pre-dried double-layer plates and incubated at 37°C for 24 h. 

Interactions were evaluated by checking appeared clearing zones between the focal colonies 

and bacterial lawns of the target strains. 

 

Bioinformatic analysis. The genomes of 14 selected soil isolates (13 B. subtilis, 1 B. 

licheniformis) published in Kiesewalter et al., 2020 (42) were submitted to antiSMASH 5.0 to 

analyze the differences in their gene cluster predictions (43). The pan-genome pipeline Roary 

was applied to the Prokka annotations of the B. subtilis genomes to construct a pan-genome 

of genes having 95% similarity in 99% of the isolates (59, 60). The presence and absence gene 

list generated by Roary was used for comparisons between selected BGCs. Single gene 

comparisons were conducted by aligning both the nucleotide sequences and, with seqKit (61), 

translated amino acid sequences with MUSCLE (62) and inspecting them in Jalview 2 (63). All 

gene clusters or single genes were visualized in R by using the publicly available ggplot2 

extensions gggenes, ggseqlogo and ggmsa (64–67). A phylogenetic tree was calculated with 

FastTree 2 using the core gene alignment by Roary and visualized in R with the publicly 

available ggplot2 extension ggtree (68, 69).  
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ABSTRACT Bacillus subtilis is a plant-benefiting soil-dwelling Gram-positive bacte-
rium with secondary metabolite production potential. Here, we report the complete
genome sequences of 13 B. subtilis strains isolated from different soil samples in
Germany and Denmark.

Various species of the Bacillus genus have been exploited for biocontrol of crop
plants. Bacillus subtilis is the most studied bacterium of the bacilli due to its high

potential for industrial production of proteins, its utilization as a plant biological, and
its easy genetic modification (1). In addition, the biofilm development of B. subtilis has
been intensely investigated under laboratory settings (2–5) and during colonization of
plant root (6–8) and fungal mycelia (9). The biocontrol potential of B. subtilis is
determined by its ability to produce a variety of secondary metabolites, including
surfactin, plipastatin (or fengycin), and bacillaene (10). Here, we performed complete
genome sequencing of 13 B. subtilis strains in order to facilitate a detailed investigation
of genes involved in secondary metabolite production.

B. subtilis strains were isolated from various sampling sites in Germany and Denmark
(see details under BioProject accession number PRJNA587401) by using spore selection
and specifically isolating architecturally complex colonies reminiscent of colony biofilm
formation of B. subtilis (1, 5, 8, 11). Strains 73 and 75 were isolated specifically by
inserting a constitutively produced green fluorescent protein (GFP) into the amyE gene,
as described earlier (11). After biochemical assays, biofilm tests, and chemical analyses
of natural products of the isolated strains, 13 B. subtilis strains were scrutinized with
genome sequencing.

For Illumina sequencing, genomic DNA of the B. subtilis strains was isolated with the
GeneMatrix bacterial and yeast genomic DNA purification kit according to the manu-
facturer’s instructions (EURx, Gdansk, Poland). Paired-end libraries were prepared for
the strains, except MB9_B4, using the NEBNext Ultra II DNA library prep kit for Illumina
(catalog number E7645L). Paired-end reads were generated on an Illumina NextSeq
sequencer using a TG NextSeq 500/550 high-output kit v. 2 (300 cycles). In the case of
MB9_B4, a mate pair library was generated using an Illumina Nextera mate pair kit
(catalog number FC-132-1001) with insert sizes ranging from 6 to 15 kb. DNA sequenc-
ing was carried out on an Illumina MiSeq machine using V2 sequencing chemistry,
resulting in 2 ! 250-bp reads.

For Nanopore sequencing, genomic DNA was extracted using Qiagen blood and
tissue kits (catalog number 69506), following the manufacturer’s protocol, using ly-
sozyme digestion prior to extraction. This extra treatment was performed by resus-
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pending the cell pellet in 200 !l of 20 mg/ml lysozyme and incubating the samples for
20 minutes at 37°C. Before sequencing on the Nanopore instrument, a ligation se-
quencing kit (catalog number SQK-LSK109) was used with native barcoding expansion
1-12 (catalog number EXP-NBD104) following the manufacturer’s protocol. Libraries
were sequenced using an R9.4.1 flow cell and a MinION device running a 48-h
sequencing cycle without base calling. The reads were base called and demultiplexed
using Guppy v. 3.1.5 on an Amazon Web Service (AWS) GPU instance with quality
control, as described before (12).

For de novo assembly, Illumina reads were adapter and quality trimmed using
AdapterRemoval v. 2.1.7 (13) with the switches –trimns and –trimqualities. Nanopore
reads were adapter and quality trimmed using Porechop v. 0.2.4 (14) and assembled
with the Flye assembler v. 2.6 (15) with the switches – g 5m and –plasmids as suggested
in a recent benchmark (16). Then, the Flye assembly graph, the trimmed Nanopore
reads, and the trimmed Illumina reads from each sample were used as input for
Unicycler v. 0.4.8-beta assembly with the switches – existing_long_read_assembly and
–no_correct. Unicycler builds on several existing tools based around SPAdes assembly
v. 3.13.0 (17), Pilon v. 1.22 (18), and SAMtools v. 1.9 (19). Assemblies were evaluated
using the graph visualization software Bandage v. 0.8.1 (20) and BUSCO v. 3 (21) with
the Bacillales ODB9 database to evaluate the core gene content of each genome.

The assembly produced 13 circularized chromosomes comprising 4,063,468 to
4,263,919 bases with a G!C content of 43.4 to 43.9%. Three isolates contained circular
plasmids, each 84 kb in size. Automated annotation was performed using the NCBI
Prokaryotic Genome Annotation Pipeline (Table 1).

Genes coding for proteins possibly involved in secondary metabolite production
were identified using antiSMASH v. 5 (22), which revealed the presence of gene clusters
encoding surfactin (srf), plipastatin (pps), bacillaene (pks), and bacillibactin (dhb) bio-
synthesis in all isolates except strain P5_B2, which lacks the majority of the bacillaene
(pks) biosynthetic gene cluster. Future detailed analysis of these biosynthetic gene
clusters will be performed to reveal differences in secondary metabolite profiles.

Data availability. The raw data and assemblies have been deposited in GenBank
under the BioProject accession number PRJNA587401. The complete genome sequence
accession numbers are listed in Table 1.
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TABLE 1 Accession numbers, assembly metrics, and annotated features of the sequenced B. subtilis strains isolated

Strain or
plasmid

GenBank
accession no.

Avg coverage (!) for: Genome assembly
size (bp)

G"C
content (%)

No. of
rRNAs

No. of
tRNAs

No. of
CDSa TopologyIllumina reads Nanopore reads

73 CP045826 595 263 4,166,516 43.7 30 86 4,203 Circular
75 CP045825 651 289 4,156,459 43.9 30 86 4,169 Circular
MB8_B1 CP045823 691 420 4,221,278 43.5 30 86 4,275 Circular
MB8_B7 CP045821 667 320 4,191,568 43.4 30 88 4,362 Circular
Plasmid pBs001 CP045822 519 393 84,033 Circular
MB8_B10 CP045824 602 550 4,225,362 43.5 30 86 4,289 Circular
MB9_B1 CP045820 636 517 4,263,919 43.5 30 86 4,320 Circular
MB9_B4 CP045819 138 480 4,105,407 43.8 30 86 4,108 Circular
MB9_B6 CP045818 671 440 4,087,720 43.8 30 86 4,089 Circular
P5_B1 CP045817 512 395 4,083,248 43.8 30 88 4,053 Circular
P5_B2 CP045816 586 353 4,103,324 43.6 30 86 4,245 Circular
P8_B1 CP045922 585 358 4,215,512 43.4 30 88 4,386 Circular
Plasmid pBs003 CP045923 510 260 84,215 Circular
P8_B3 CP045812 498 319 4,215,511 43.4 30 88 4,386 Circular
Plasmid pBs005 CP045813 386 490 84,215 Circular
P9_B1 CP045811 658 430 4,063,468 43.8 30 86 4,075 Circular
a CDS, coding sequences.
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ABSTRACT 

Secondary metabolites provide Bacillus subtilis with an increased competitiveness towards 

other microorganisms. In particular non-ribosomal peptides (NRPs) have vast antimicrobial 

potentials by causing cell lysis, perforation of fungal membranes, enzyme inhibition or 

disruption of bacterial protein synthesis. This knowledge was primary acquired in vitro by 

competing B. subtilis with other microbial monocultures. However, our knowledge about the 

true ecological role of these small molecules is limited.  

In this study, we have established soil-derived semi-synthetic mock communities containing 

13 main genera and supplemented them with B. subtilis P5_B1 WT, its NRPs deficient strain 

sfp or single NRP mutants incapable of producing surfactin, plipastatin or bacillaene. 16S 

amplicon sequencing revealed that the abundances of two genera, Lysinibacillus and 

Viridibacillus, were reduced when B. subtilis strains producing NRPs invaded the community. 

Interestingly, this effect was diminished in communities supplemented with the NRPs 

deficient strain. Growth profiling of Lysinibacillus fusiformis M5 exposed to either spent media 

of the B. subtilis strains or pure surfactin indicates the sensitivity of this strains towards the 

biosurfactant surfactin. 

Our study provides a deeper insight on the influence of B. subtilis NRPs on semi-synthetic 

bacterial communities and helps to understand their ecological role. 
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INTRODUCTION 

In nature, bacteria live in complex communities where they interact with various other 

microorganisms. Microbial communities are among others important for influencing 

biochemical cycles, agriculture, and plant growth promotion [1–4]. The study of these 

communities is essential to scrutinize the natural processes taking place in such consortia, to 

understand their impact on the environment, and to be able to eventually engineer them 

eventually [5]. To investigate the community members, their functions and interactions such 

as metabolite cross-feeding interactions, extensive research has been conducted in the last 

decade [6,7]. 

One such ecosystem harbouring plenty of microbial communities is the rhizosphere where 

various interactions between bacteria, fungi and plants take place. The microbial 

communities are dynamic and dependent on many different factors such as plant species, soil 

type and season [8–14]. Microbial communities can consist of hundred to thousand different 

species, which makes investigations very complex and hard to reproduce. One alternative 

approach is to establish a simpler synthetic community with a defined composition [13,15]. 

Lebeis et al. used a synthetic community of 38 strains to demonstrate that plant 

phytohormones sculpt the root microbiome, while Niu et al. established a seven-species 

community based on host selection to mimic the principle root microbiome of maize [13,16]. 

An important mediator of interactions between microorganisms is believed to be secondary 

metabolites (SMs) [17]. Many of them are well-studied in vitro, however the true ecological 

role of SMs is still subject of investigation. Contradictory opinions exist in literature, some 

share the view that SMs are mainly microbial weapons, but others instead designate them as 

signalling molecules [18–21]. Additionally, numerous studies have demonstrated that 

microbial communities also impact SM production, since their production is increased in 

mixed fermentations or otherwise silent gene clusters are only expressed in co- or multi-

cultures [22,23]. 

 

Bacillus subtilis is a well-studied soil bacterium and is used as a model organism for biofilm 

formation and sporulation [24]. It has been shown that several members of the B. subtilis 

species complex have exceptional plant-growth-promoting and plant-health-improving 

properties by suppressing plant pathogenic bacteria and fungi [25]. However, it not 
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completely understood how soil administered Bacillus spp. affect the indigenous microbial 

communities. Gadhave et al. have showed that supplementation of different Bacillus spp. led 

to species-dependent changes in the diversity, evenness, and relative abundances of 

endophytic bacterial communities [26]. Like many other soil bacteria, B. subtilis and other 

Bacillus spp. produce various SMs [27,28]. The most prominent and bioactive SMs are non-

ribosomal peptides (NRPs), whose isoforms belong to the families of surfactins, fengycins or 

iturins and are synthesized by large enzyme complexes, non-ribosomal peptide synthetases 

(NRPS) [29,30]. For the synthesis of B. subtilis NRPs , the phosphopantetheinyl transferase Sfp 

is needed since it activates the peptidyl carrier protein domains, converting it from the 

inactive apo-form to the active holo-form [31]. B. subtilis has four sfp-dependent gene 

clusters, three NRPS gene clusters (surfactin, plipastatin and bacillibactin) and one hybrid 

NRPS-PKS gene cluster (bacillaene). The well-studied biosurfactant surfactin, encoded by the 

srfAA-AD gene cluster, reduces the surface tension needed for swarming and sliding motility 

[32,33]. Its bioactivity is specifically evoked by the surfactant activity triggering cell lysis due 

to penetration of bacterial lipid bilayer membranes and formation of ion-conducting channels 

[29,34–36]. It is presumed that the antifungal plipastatin, expressed from the ppsA-E gene 

cluster, acts as an inhibitor of phospholipase A2, forming pores in the fungal membrane and 

causing morphological changes in fungal membrane and cell wall [37,38]. Its antifungal 

potential primarily against various filamentous fungi was demonstrated [39–43]. The broad-

spectrum antibiotic bacillaene, synthetized by the pksB-S gene cluster is mainly targeting 

bacterial protein synthesis but it was also shown that it can protect cells and spores from 

predation [44,45]. We recently demonstrated that the production of these NRPs varies among 

co-isolated B. subtilis environmental strains due to missing core genes or potentially altered 

gene regulation highlighting the existing natural diversity of SM production in this species 

[43]. 

 

In this study, we focus on semi-synthetic bacterial mock communities and describe how these 

are affected by a B. subtilis strain that was previously isolated from the same sampling site 

from which the bacterial mock communities originated. We established semi-synthetic mock 

communities by pre-incubating a soil suspension for 12 h, seeded these cultures with 

B. subtilis strains as co-inoculum, and further incubated them for 48 h before analysis of the 

bacterial composition. The impact of NRPs on the establishment and composition of the 
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bacterial communities was investigated by NRP mutant-based approaches. We supplemented 

the pre-incubated soil suspensions with either wild-type B. subtilis (isolate P5_B1) [43], its 

NRPs deficient strain sfp, or its single NRPs mutants to reveal if the invasion of B. subtilis 

changes the composition of the microbial community and if NRPs are involved. We previously 

demonstrated that strain P5_B1 produces the NRPs surfactin and plipastatin and has further 

BGC predictions for the NRPs bacillaene and bacillibactin [43]. 16S rRNA amplicon sequencing 

revealed that semi-synthetic mock communities could be established containing 13 genera, 

of which two were negatively affected by the addition of B. subtilis. Further growth profiling 

confirmed the impact of B. subtilis produced surfactin on the growth of a selected 

Lysinibacillus species.  
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RESULTS 

Impact of B. subtilis secondary metabolites on taxonomic groups in semi-synthetic mock 

communities 

We established soil-derived semi-synthetic mock communities and supplemented them with 

B. subtilis WT P5_B1, its NRP deficient strain (sfp) or its single NRP mutants incapable of 

producing either surfactin (srfAC), plipastatin (∆ppsC) or bacillaene (∆pksL), or kept untreated 

culture as control (Figure 1). To investigate the impact of B. subtilis NRPs on the bacterial 

community composition, DNA was extracted from the initial soil sample, the 12-h-pre-

cultivated soil suspensions and the B. subtilis-treated or untreated mock communities co-

cultivated for 48 h, and analysed using amplicon sequencing of the V3-V4 region of the 16S 

rRNA gene. The taxonomic summaries give an overview of the relative abundance of the most 

abundant genera present in each assay and replicate (Figure 2). Unsurprisingly, the two soil 

samples differ tremendously from all other samples in both abundance and number of 

present genera. We determined that Bacillus was the most abundant genus in the two soil 

samples with a relative proportion between 19 and 35 %. Other genera with abundances 

higher than 2 % were Sporosarcina (4 – 11 %), Candidatus Udaeobacter (7 – 10 %) and Gaiella 

(3 – 4 %). The communities of the 12 h-pre-cultivated soil suspension showed a lower 

diversity and consisted primarily of the two genera Bacillus (56 – 65 %) and Acinetobacter (29 

– 34 %). Additional genera with an abundance higher than 1 % were Lysinibacillus (1.2 – 

3.2 %), Pseudomonas (1.0 – 2.2 %) and Viridibacillus (0.6 – 1.5 %). The genus richness of the 

four pre-cultured soil suspensions were between 12 and 18 of in total 21 unique genera. 
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Figure 1. Overview of experimental setup. A soil suspension, obtained from a soil sample was 
used as inoculum for four independent replicates and pre-incubated for 12 h. Enriched pre-
cultures were aliquoted and supplemented with 10 % B. subtilis strains or left untreated and 
incubated for 48 h. DNA was extracted from the soil sample, pre-incubated soil suspensions 
and mock communities. 

 

 
Figure 2. Taxonomic summaries showing the relative abundance of the most abundant genera 
for each replicate of the soil sample, pre-incubated soil suspensions and different treated 
mock communities. Genera not present in the majority of the communities or having an 
abundance < 0.5 % are classified as “other”. 
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To gain a general insight on the impact of NRPs on the diversity of a mock community, 

diversity analyses were performed. We excluded the sample Soil 1 from the analysis since it 

had the lowest read number and its rarefaction curve was not reaching a clear asymptote. 

The alpha diversity given by the Shannon index revealed a high similarity of the mock 

communities cultivated for 48 h (Figure 3A). However, it also highlighted that the pre-

cultivated communities had the lowest Shannon index, consequently having a lower species 

evenness and are dominated by fewer species. The soil sample had the highest Shannon index 

and highlights that richness and evenness is expectedly higher than in the in vitro 

communities. Due to the high differences in alpha diversity of the soil and preincubated 

samples, we decided to determine the beta diversity based on the Bray-Curtis dissimilarity 

only for the mock communities cultivated for 48 h to get a more detailed insight on the impact 

of NRPs. The analysis underlined a high similarity of the different treated mock communities, 

but the control mock communities were separated from the majority of the other 

communities along the MDS1 axis (Figure 3B). Furthermore, two replicates of the sfp-treated 

communities showed a high similarity to the replicates of the control communities. In 

contrast, the other communities supplemented with B. subtilis strains exhibited higher 

similarities to each other. Notably, the communities treated with the srfAC-mutant had a 

higher dispersion, likely owing to a low number of reads in two of the replicates. The alpha 

diversity analyses revealed that species richness and evenness was reduced in the in vitro 

communities compared to the soil community. Furthermore, communities cultivated for only 

12 h showed reduced diversity compared to the mock communities incubated for 24 hours. 

Nevertheless, we could not detect an effect of the supplemented B. subtilis strains on 

diversity. However, the beta diversity results suggested that the addition of NRPs-producing 

B. subtilis strains influenced the composition of the mock communities. 
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Figure 3. (A) Alpha diversity (Shannon) of the different samples, each point represents a 
replicate while the line indicates the mean of the Shannon diversity indexes. (B) Beta diversity 
of the mock communities calculated with the Bray–Curtis dissimilarity and visualized with 
nonmetric multidimensional scaling (NMDS). 

The diversity, in particular the species evenness, increased in all established mock 

communities independent of the treatment compared to the pre-cultivated soil suspensions 

and contained 11 - 18 different genera (Figure 2). The most abundant genera having a 

proportion greater than 1 % in the B. subtilis-treated or untreated mock communities were 

Acinetobacter, Lysinibacillus, Pseudomonas, Chryseobacterium, Bacillus, Sphingobacterium, 

Stenotrophomonas, Paenibacillus, Citrobacter, Serratia, Achromobacter, Viridibacillus and 

Pantoea. Noteworthily, the prevalence of the Bacillus genus was comparable in the B. subtilis-

treated communities (4 – 9 %) and the control (5 – 10 %), in which Bacillus could only originate 

from the soil suspension. Comparisons of abundance ratios between the control communities 

and B. subtilis WT-treated communities revealed that Lysinibacillus and Viridibacillus were 

significantly decreased 10 and 8.3-fold, respectively, in the communities supplemented with 

B. subtilis WT (Figure 4A). None of the other genera were negatively affected by the addition 

of this strain. In comparison, we could only detect a 1.8-fold reduction of Lysinibacillus in the 

sfp-treated communities compared to the untreated communities, thus greatly diminished 

effect compared to the WT treated samples (Figure 4B). In addition, we could not observe 

significant reduction of Viridibacillus, but Stenotrophomonas was likewise 1.7-fold reduced 

besides Lysinibacillus in these communities. The direct comparison of WT- and sfp-treated 

communities confirmed the NRPs-dependent suppression of both Lysinibacillus and 

Viridibacillus in the WT-treated communities and the suppression of Stenotrophomonas in 

the sfp-treated communities (Supporting Information File 2, Figure S1). 
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Figure 4. Abundance ratios for each genus and replicate (points) in the (A) control community 
compared to the WT-treated community and (B) control community compared to the sfp-
treated community. Statistical significance is defined as P ≤ 0.05 (*), P ≤ 0.01 (**) and P ≤ 
0.001 (***). 

Concentrating on Lysinibacillus, the highest abundance of this genus was discernible in the 

control assays (13.9 %), which were significantly different compared to all other B. subtilis-

treated assays (Figure 5). However, when B. subtilis WT was added to the mock communities, 

a significant decrease of Lysinibacillus (1.2 %) was discovered. Furthermore, when we added 

the NRPs deficient strain sfp we could notice a significant higher abundance of Lysinibacillus 

(8.6 %) compared to the WT-treated assays, but still a significantly lower prevalence 

compared to the control assays. The frequency of Lysinibacillus was slightly but not 

significantly higher in the communities treated with the single NRP mutants srfAC (2.1 %) and 

∆ppsC (3.3 %) compared to the WT-treated communities. Lysinibacillus’ abundance in the 

assays containing the ∆pksL strain (5.3 %) was significantly higher than in the WT-treated 

assays but had no significant differences as compare with the ∆ppsC or sfp-treated 

communities. In summary, Lysinibacillus was affected by the addition of B. subtilis 

independent of the produced NRPs, but if B. subtilis strains capable of producing them were 

present, the impact on Lysinibacillus was enhanced. Furthermore, it seems that bacillaene 

had the strongest and surfactin the weakest effect on Lysinibacillus in the mock communities. 

The second genus affected by the addition of B. subtilis was Viridibacillus, which had 

compared to Lysinibacillus a very low abundance in the control mock communities (0.5 %) 

(Supporting Information File 3, Figure S2). However, when B. subtilis WT was added this 
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genus’ abundance was significantly reduced (0.03 %), notably, it was below the detection level 

in two of the WT-treated community replicates. Nevertheless, the abundance of Lysinibacillus 

genus in the sfp-treated communities was statistically not significant in comparison to the WT 

and the control communities. Furthermore, the addition of the single NRP mutants srfAC, 

∆ppsC and ∆pksL resulted in communities with Viridibacillus frequencies similar to the WT-

treated communities (0.08%, 0.05% and 0%, respectively). Viridibacillus such as Lysinibacillus 

was affected by the addition of B. subtilis to the communities. However, no particular NRP 

could be assigned to the reduced frequency of Viridibacillus. 

 
Figure 5. Abundance of Lysinibacillus in each mock community. Points represent the 
abundance in each replicate. Treatments with the same letter are not significantly different. 

Growth properties of L. fusiformis M5 supplemented with B. subtilis spent media  

The main finding from the semi-synthetic mock community experiment indicated that the 

genus Lysinibacillus was negatively affected by addition of B. subtilis P5_B1 WT and that NRPs 

enhance the suppression. To dissect the direct impact of particular NRP in this inhibition, we 

monitored the growth of L. fusiformis M5, a previously isolated Lysinibacillus species [46], 

over a time period of 24 h treated with different proportions of spent media from B. subtilis 

WT and its NRPs mutants (Figure 6). When we added about 50 % spent medium to 

L. fusiformis, we observed the best growth in the untreated assay. Interestingly, the addition 

of spent medium of either WT, ∆ppsC or ∆pksL caused a growth delay of L. fusiformis for the 
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first 13-14 h. Such a strong effect was not observed when the spent medium of the sfp or 

srfAC mutant was added. The growth of L. fusiformis was only slightly inhibited by these two 

spent media, although sfp spent medium had a lower effect on L. fusiformis compared to 

srfAC spent medium. When 23.00 % spent medium was added, no growth differences could 

be detected anymore between the control and sfp-treated assays in the exponential growth 

phase. Furthermore, the effect of WT spent medium seems to be reduced at this 

concentration, but the spent media of ∆ppsC and ∆pksL maintained their growth inhibition 

potential. The lowest concentration of spent media having an inhibitory effect was 10.02 %. 

At this concentration only the spent media of ∆ppsC and ∆pksL affected the growth of 

L. fusiformis even though it was weakened compared to higher concentrations. Intriguingly, 

a higher level of aggregation was observed in the L. fusiformis assays supplemented with 

spent medium of sfp compared to the other assays, which caused higher and variable OD 

measurements in the stationary phase of the growth curves (Supporting Information File 4, 

Figure S3). Finally, we noticed that the final cell densities were slightly higher in the assays 

supplemented with spent medium than in the control assays. 

 
Figure 6. Growth curves of L. fusiformis M5 exposed to different concentrations of spent 
media from the B. subtilis strains and without treatment (control). Error bars represent the 
standard error. N ≥ 6. 
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These results revealed that B. subtilis-mediated inhibition of L. fusiformis is NRPs dependent, 

since the spent medium of the NRPs deficient strain sfp had only minor impact. Moreover, we 

hypothesize that surfactin is responsible for the direct inhibitory effect on L. fusiformis, as this 

was the only spent medium of a NRP mutant strain with lowered inhibition compared to other 

spent media of single NRP mutants. 

 

Impact of surfactin on the growth of L. fusiformis  

To confirm the inhibitory effect of surfactin on L. fusiformis, different concentrations of pure 

surfactin dissolved in methanol were added to the strain and its growth was monitored over 

a time period of 24 h. Growth of L. fusiformis was delayed in the exponential growth phase 

when surfactin was supplemented in concentrations between 31.25 and 500 µg/ml (Figure 

7). At a concentration of 500 µg/ml surfactin, the cell density in the stationary phase was 

lower than the control. At a concentration of 250 µg/ml the cell density reached a level similar 

to the untreated control. However, when surfactin in concentrations between 125 and 

31.25 µl/ml were added, after an initial growth delay in the exponential phase, the cell 

densities in all treatments exceeded the ones of the control. The highest concentration of the 

solvent methanol (5 %) had only a minor inhibiting effect on L. fusiformis whereas lower 

concentrations of methanol showed no inhibition (Supporting Information File 5, Figure S4). 

These results suggest that surfactin has growth inhibitory effects on L. fusiformis and we 

hypothesize that it might act as the key inhibitory B. subtilis NRP under the tested conditions. 
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Figure 7. Growth curves of L. fusiformis M5 exposed to different concentrations of surfactin, 
the highest concentration of the solvent MeOH and without treatment (control). Error bars 
represent the standard error. N ≥ 5 (control and surfactin-treated assays), N = 2 (MeOH-
treated assays). 
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DISCUSSION 

B. subtilis is known to produce a wide range of different SMs, which target a large number of 

different micro and macroorganisms [29]. Our study demonstrates that the NRPs produced 

by the recently isolated environmental strain of B. subtilis P5_B1 influences the composition 

of a soil-derived semi-synthetic mock community and reveals that L. fusiformis M5 is directly 

affected by the B. subtilis lipopeptide surfactin in a monitored growth experiment. 

Alpha diversity analyses based on the Shannon estimation revealed that diversity was strongly 

reduced in in vitro cultivations. Furthermore, it disclosed that the pre-cultured soil suspension 

had the lowest diversity index, due to the fact that mainly the genera Bacillus and 

Acinetobacter were enriched which can be probably traced back to different growth rates 

among the present species. The Shannon index showed no differences among the established 

and differently treated mock communities, which primary consisted of 13 genera. Even 

though Bacillus was the most abundant genus in the pre-cultures, further incubation for 48 h 

resulted in decreased relative abundance independently if the respective B. subtilis strains 

were seeded or the pre-cultures were untreated. It shows that the initial dominance of 

Bacillus could not be maintained at prolonged incubation. The B. subtilis strains were added 

at a community assembly phase when Bacillus was the dominating genus, so that the general 

genera distribution was not expected to be influenced extensively. Nevertheless, the final 

relative abundance of the Bacillus genus was not increased after 48 h co-cultivation 

independent of the treatment, therefore, the presence or absence of NRPs had no impact on 

its competitive obstruction. However, interactions and competitions within the Bacillus genus 

might still exist and the precise composition within the genus might be distinct among the 

treatments. Nonetheless, the alpha diversity analysis indicated a higher dissimilarity between 

the untreated and treated mock communities. In addition, two of the communities treated 

with the sfp-mutant showed the highest similarity to these untreated communities suggesting 

that the supplementation of wild-type B. subtilis affected the communities while the addition 

of the NRPs deficient strain sfp was most similar to untreated communities. 

Even though microbial interactions and relations will increase with the number of different 

community members and becoming increasingly complex, we could still observe statistically 

significant reductions of the two genera, Lysinibacillus and Viridibacillus, in communities 

supplemented with the B subtilis wild type strain. When supplemented with the sfp mutant 
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Lysinibacillus was more frequent relative to the wildtype, which indicates that, although it 

might not be the only factor, NRPs have a great impact on suppressing Lysinibacillus 

abundance. Moreover, no particular NRP could be allocated to the inhibition of the 

Lysinibacillus genus in these semi-synthetic communities, but bacillaene displayed probably 

the highest impact on the suppression. A suppression of Viridibacillus was also observable 

and affected by NRPs, but in this case bacillaene had the lowest impact. However, these 

results must be interpreted with caution and need further investigations, since Viridibacillus 

was one of the lowest abundant genera in the mock communities and abundance calculations 

are sensitive to the depth of sequencing. Besides the suppression of Lysinibacillus and 

Viridibacillus, Stenotrophomonas was uniquely suppressed only in the communities 

supplemented with the sfp mutant but not when the WT strain was added. This might be 

evoked by inhibiting other species which, in turn, has lessened inhibition of 

Stenotrophomonas. 

To investigate if Lysinibacillus is sensitive to any particular NRP of B. subtilis, we exposed a 

L. fusiformis isolate to the spent media of the respective B. subtilis strains containing the 

produced NRPs and monitored the growth. L. fusiformis M5 has been isolated from soil and 

demonstrated to impact biofilm colony development of B. subtilis [46]. Interestingly, the 

modulation of biofilm development was mediated by the primary metabolite hypoxanthine 

secreted by L. fusiformis. Of note, the impact of B. subtilis was not noticed on L. fusiformis in 

the mixed colony biofilm communities, possibly due to the use of a NRPs negative B. subtilis 

strain, 168 that harbours a spontaneous frame shift mutation in sfp gene [46]. Testing the 

impact of the natural isolate B. subtilis P5_B1 and its NRP mutant derivatives revealed that 

the spent media from both the NRPs deficient strain sfp and the surfactin deficient strain 

srfAC had the lowest impact on the growth of L. fusiformis. In addition, the spent media of 

∆ppsC and ∆pksL maintained their bioactivity at low concentrations, whereas the effect of WT 

was already strongly reduced at this level of the spent medium. This could be, on the one 

hand, due to higher levels of surfactin in the two mutants compared to the WT. On the other 

hand, the spent medium originated from cultures with an optical density at 600 nm (OD600) 

of 3.0. Cultures with higher ODs were diluted before the harvesting and WT cultures exhibited 

overall the highest ODs among the strains. Since the NRPs concentration is not proportional 

to the final OD due to e.g. occurring of cell lysis, the spent media might be slightly differently 

diluted among the strains. Therefore, minor differences might be observable in the assays 
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supplemented with highly diluted spent media. The observation that L. fusiformis displays 

slightly higher cell density when bacterial spent medium is supplemented might be due to the 

availability of additional nutrients. Nevertheless, the supernatant and pure compound 

supplementation demonstrated that surfactin is a direct suppressor of L. fusiformis. However, 

as the spent media of the sfp and srfAC strains still had growth inhibition effect, it is plausible 

that next to surfactin further NRPs and even other compounds might provoke slight growth 

suppression of Lysinibacillus. 

When L. fusiformis was exposed to surfactin concentrations between 125 and 31.25 µl/ml, 

higher final cell densities were detectable than in the control or in assays treated with higher 

levels of surfactin. Interestingly, Arjes et al. recently demonstrated that surfactin enhances 

availability of oxygen for B. subtilis by increasing oxygen diffusivity [47], which might also 

positively affect growth of L. fusiformis.  

Experiments with differently treated semi-synthetic mock communities have demonstrated 

that Lysinibacillus and Viridibacillus were affected by the addition of a NRPs producing 

B. subtilis strain. Lysinibacillus was least affected in the mock communities supplemented 

with the B. subtilis ∆pksL strain incapable of producing bacillaene, suggesting that bacillaene 

is the most active compound against this genus. In contrast, the growth curve experiments 

showed that L. fusiformis M5 is most sensitive to surfactin. Importantly, our analysis does not 

reveal which Lysinibacillus species were present in the mock communities, and therefore their 

sensitivity might be different from the test species used, L. fusiformis. Moreover, the spent 

medium was harvested from pure cultures of B. subtilis grown in undiluted complex medium 

which might change the production of NRPs due to lacking impact of the community members 

and the level of nutrients. Thus, lower levels of the NRPs in the mock communities might 

affect Lysinibacillus differently compared to the mono-culture growth experiments 

supplemented with spent media. Finally, Lysinibacillus can also be affected indirectly by 

B. subtilis NRPs in the mock communities. Bacillaene is described as an wide-spectrum 

antibiotic disrupting the protein synthesis in bacteria [28,44]. Even though, the exact 

mechanisms of it needs to be deciphered, it might have the biggest impact on specific 

members of the mock community and consequently an indirect effect on Lysinibacillus. 

Interestingly, these two genera, Lysinibacillus and Viridibacillus, of the mock communities are, 

besides Paenibacillus, the closest relatives of B. subtilis. The fact that suppression effects are 

only observable for these genera, could presumably be caused by the higher overlap in the 
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ecological niches, triggering competition for the same nutrients. Indeed, a higher 

phylogenetic and metabolic similarity between bacteria increases the probability of 

antagonism [48]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  19 

EXPERIMENTAL 

Strains, media and chemicals. All strains used in this study are listed in Table S1 (Supporting 

Information File 1). For routine growth, bacterial cells were cultured in tryptic soy broth (TSB, 

CASO Broth, Sigma-Aldrich) containing 17 g l−1 casein peptone, 3 g l−1 soy peptone, 5 g l−1 

sodium chloride, 2.5 g l−1 dipotassium hydrogen phosphate and 2.5 g l−1 glucose. 

 

Semi-synthetic mock community assay. Semi-synthetic soil communities were obtained from 

soil of sampling site P5 (55.788800, 12.558300) [43,49]. 1 g soil was mixed in a 1:9 ratio with 

0.9 % saline solution, vortexed on a rotary shaker for 15 min and allowed to sediment for 

2 min. Four independent communities were established by inoculating 10-times diluted TSB 

(0.1x TSB) with 1 % soil suspension taken from the middle part of the liquid phase, followed 

by incubation at 21-23°C and 250 rpm for 12 h. Simultaneously, pre-grown B. subtilis P5_B1 

WT and its NRP mutant derivatives were inoculated in 0.1x TSB and incubated parallel using 

the same conditions. After 12 h pre-cultivation, 3 ml aliquots of the soil suspension were 

transferred into six glass tubes. One tube was left untreated and functioned as control, the 

remaining five were supplemented with respective B. subtilis strains by adding 10 % of the 

final volume. The cultures were incubated at 21-23°C and 250 rpm for 48 h. DNA was 

extracted from two soil aliquots, the pre-cultured soil suspensions and each assay 

supplemented with the respective B. subtilis strains as well as untreated control assays after 

48 h co-cultivation. 

 

DNA extraction. Environmental and semi-synthetic community genomic DNA were extracted 

from either 250 mg soil or 250 µl bacterial culture, respectively, with DNeasy PowerSoil Pro 

Kit (QIAGEN) following the manufacturer’s instructions. 

 

Amplification of 16S rRNA hypervariable regions V3-V4. The V3-V4 region of the 16S rRNA 

gene was PCR amplified from the extracted DNA samples using Fw_V3V4 (5’-

CCTACGGGNGGCWGCAG-3’) and Rv_V3V4 (5’-GACTACHVGGGTATCTAATCC-3’) primers that 

were tagged with short barcodes with a length of eight nucleotides, listed in Table S2 

(Supporting Information File 1). The PCR reactions contained 10.6 μl DNAse free water, 

12.5 μl TEMPase Hot Start 2x Master Mix, 0.8 μl of each primer (10 μM) and 0.3 μl of 50 ng/µl 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

  20 

DNA template. The PCR was performed using the conditions of 95°C for 15 min followed by 

30 cycles of 95°C for 30 s, 62°C for 30 s, 72°C for 30 s, and finally, 72°C for 5 min. All V3-V4 

amplicons were purified using the NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel) and 

pooled in equimolar ratios. The amplicon pool was submitted to Novogene Europe Company 

Limited (United Kingdom) for high-throughput sequencing on an Illumina NovaSeq 6000 

platform with 2 million reads (2x 250 bp paired-end reads). Raw sequence data is available at 

NCBI: PRJNA658074. 

 

Sequencing data pre-processing. The multiplexed sequencing data was imported into the 

QIIME 2 pipeline (version 2020.6) [50,51]. The paired-end sequences were demultiplexed 

with the QIIME 2 plugin cutadapt [52]. To reduce random matches, the minimum overlap of 

partial matches between the read and the barcode sequence was set to 5 nucleotides. The 

QIIME 2 implementation DADA2 was used to denoise and merge paired end reads [53]. In 

total, 362,475 reads were assigned to the respective samples with an average of 12,083 reads 

per sample (range: 751 to 34,802; Supporting Information File 1, Table S3). The amplicon 

sequence variants (ASVs) were clustered at 99 % identity into OTU using VSEARCH [54]. The 

16S rRNA reference sequences with a 99 % identity criterion obtained from the SILVA 

database release 132 were trimmed to the V3-V4 region, bound by the primer pair used for 

amplification and the product length was limited to 200-500 nucleotides [55]. Taxonomy was 

assigned to the sequences in the feature table generated by DADA2 by using the VSEARCH-

based consensus taxonomy classifier [54]. A tree for phylogenetic diversity analyses was 

generated with FastTree 2 from the representative-sequences [56–58]. 

 

Relative species abundance and phylogenetic diversity analyses. QIIME 2 artifacts were 

imported into the R software (4.0.2) with the R package qiime2R and further analyses were 

conducted in the R package phyloseq [59–61]. Differences in abundances of the most 

abundant genera in the control communities, in the communities supplemented with 

B. subtilis WT as well as in the communities supplemented with B. subtilis sfp were 

investigated by calculating the abundance ratios of the different treated communities for 

each replicate. If species were not detected in some of the replicates, 0 values were replaced 

with the lowest detected value of the genus to avoid infinite values or 0 values in the ratio 

calculations. Diversity analysis of the B. subtilis-treated and untreated samples were 
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performed with OTU counts multiplied with factor 100,000 and transformed into integer 

proportions. Alpha diversity was estimated with the Shannon diversity index in the R package 

phyloseq [61]. Beta-diversity was determined by dissimilarities among the samples with the 

Bray-Curtis distance and visualized in a nonmetric multidimensional scaling (nMDS) with the 

R package vegan [62]. All graphical visualizations were realized with ggplot2 [63]. 

 

Statistical analysis. Statistical significance was determined with the square roots of the tested 

values. Normality and equality of variances were tested with Shapiro-Wilk normality test and 

Levene's test, respectively. If one of the tests was rejected the non-parametric Kruskal-Wallis 

rank sum test was performed instead. The statistical significance of pairs was determined with 

the Welch two sample t-test and the differences among groups > 2 was determined with one-

way analysis of variance (ANOVA) test and Tukey's HSD test. Statistical significance was 

determined with an alpha level < 0.05. 

 

Growth monitoring of L. fusiformis supplemented with B. subtilis spent media and pure 

surfactin. Spent media of B. subtilis strains were harvested from cultures grown in TSB 

medium at 37°C and 250 rpm for 48 h immediately before the growth experiments. Cultures 

were adjusted to OD600 3.0 and centrifuged for 4 min at 5,000´ g. Subsequently, the 

supernatants were passed through 0.22 µm filters and stored at 4°C. The growth experiments 

were performed in 96-well microplates. The wells of the first column were filled with 30 µl 

10x TSB, 30 µl L. fusiformis culture adjusted to OD600 0.1 in 1x TSB and 240 µl of the 

appropriate B. subtilis spent medium or water (untreated control). 100 µl L. fusiformis culture 

adjusted to OD600 0.01 in 1x TSB was added to the wells of the remaining columns. A 1.5-fold 

serial dilution of the spent media was performed column-by-column. A surfactin stock 

solution was prepared by dissolving 10 mg of surfactin (Sigma-Aldrich) in 1 ml methanol 

(MeOH). The wells of the first column were filled with 170 µl 1x TSB, 20 µl L. fusiformis culture 

adjusted to OD600 0.1 in 1x TSB, and 10 µl surfactin, 10 µl MeOH (solvent control) or 10 µl 1x 

TSB (untreated control). To the wells of the remaining columns, 100 µl L. fusiformis culture 

was added adjusted to OD600 0.01 in 1x TSB. A 2-fold serial dilution of surfactin or MeOH was 

performed column-by-column. In both assays the growth of L. fusiformis was monitored in a 

microplate reader (BioTek Synergy HTX Multi-Mode Microplate Reader). The microplates 

were incubated at 30°C with continuous shaking (548 cpm, 2 mm) and the OD600 was 
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measured in 15 min-intervals over a period of 24 h. All graphical visualizations were prepared 

using ggplot2 [63]. 
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A B S T R A C T

For a safe and sustainable environment, e!ective microbes as biocontrol agents are in high demand. We have
isolated a new Bacillus velezensis strain DTU001, investigated its antifungal spectrum, sequenced its genome, and
uncovered the production of lipopeptides in HPLC-HRMS analysis. To test the antifungal e"cacy, extracts of B.
velezensis DTU001 was tested against a range of twenty human or plant pathogenic fungi. We demonstrate that
inhibitory potential of B. velezensis DTU001 against selected fungi is superior in comparison to single lipopeptide,
either iturin or fengycin. The isolate showed analogous biofilm formation to other closely related Bacilli. To
further support the biocontrol properties of the isolate, coculture with Candida albicans demonstrated that B.
velezensis DTU001 exhibited excellent antiproliferation e!ect against C. albicans. In summary, the described
isolate is a potential antifungal agent with a broad antifungal spectrum that might assist our aims to avoid
hazardous pathogenic fungi and provide alternative to toxicity caused by chemicals.

1. Introduction

The prerequisite for benign and e!ective antifungal agents increases
in parallel with the existing and escalating emergence of fungal pa-
thogens resistant to current therapies [1], being relevant to both ther-
apeutics and biocontrol. While infectious diseases impose serious public
health burden and often have devastating consequences, plant diseases
constitute an emerging threat to global food security. Additionally,
extensive use of chemicals to control plant diseases has distressed the
ecological balance of microbes inhabiting soil. This in turn has led to
the appearance of resistant pathogenic strains, groundwater con-
tamination, and obvious health risks to human beings. Thus, the iden-
tification and development of environmental friendly alternatives to the
currently used chemical pesticides for combating a variety of crop
diseases is nowadays one of the biggest ecological challenges [2]. It is
therefore vital to obtain a broad range of antifungal agents that are non-
hazardous to human health as well as to the environment.

Several microorganisms have so far been discovered for the devel-
opment of biopesticides at commercial level. Among the various mi-
croorganisms, Bacillus spp., Pseudomonas spp., and some mycorrhizal

fungi are widely used groups for biocontrol [3]. Especially, the Bacillus
genus is proven to be source an excellent source of antifungal agents
and thus Bacilli are widely used as biocontrol agents [4,5]. The US Food
and Drug Administration (US FDA) declared Bacillus subtilis as GRAS
(generally recognized as safe) organisms for its use in food processing
industries [6]. Members of the B. subtilis groups were found to produce
numerous highly active antifungal compounds [7]. The B. subtilis group
contains the “Operational Group Bacillus amyloliquefaciens” that in-
cludes B. amyloliquefaciens, Bacillus velezensis, and Bacillus siamensis [8].
Among these, B. velezensis FZB42 (formerly B. amyloliquefaciens subsp.
plantarum FZB42) is the most researched commercially used Bacillus-
based biofertilizer and biocontrol agent in agriculture [9].

Antifungal cyclopeptides appeared to play a major role in biological
control of plant pathogens [4,10]. Composed of a peptide and a fatty
acyl moiety, these amphiphilic metabolites have consolidated their
position as potent therapeutic compounds, such as daptomycin, a li-
popeptide antibiotic used in human medicine [11]. Antibacterial, -viral,
-fungal, -tumor activity and immune-modulatory e!ects are some of
their proven and emerging properties [12]. In addition, secondary
metabolites seem to play an important role in bacterial-fungal
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interaction of Bacilli [13] and other bacterial life styles, including sur-
face spreading [14–16].

Here, we describe a new Bacillus isolate DTU001, which exhibited a
broad and strong antifungal spectrum against di!erent pathogenic
fungi ranging from plant pathogens to human pathogens. Using in silico
DNA hybridization, it was identified as B. velenzensis. To dissect the
genetic potential as an antifungal agent, we genome-mined BGCs in 31
Bacillus species and compared their biosynthetic potential with a special
focus on commercially applied strains. To detect the synthesized sec-
ondary metabolites of B. velezensis DTU001, the lipopetide profile of the
strain's crude extract was investigated.

Lipopeptides produced by Bacilli, such as iturin, fengycin and sur-
factin are believed to contribute to their antifungal potential. When
new isolates from the B. subtilis species complex are evaluated, the role
of single lipopeptide in antifungal activity is scrutinized lacking sys-
tematic in vitro evaluation of the antifungal e"cacy of the combination
of these secondary metabolites. To fill in this gap, we also studied the
e"cacy of extracted iturin and fengycin in comparison to the crude
extract of B. velezensis DTU001 using twenty critical human or plant
pathogens. In this report, we outline the phylogeny, genomics, meta-
bolomics, biofilm formation, and antifungal e!ects of B. velezensis
DTU001.

2. Materials and methods

2.1. Bacterial and fungal strains

B. velezensis DTU001 is an airborne bacterium, isolated indoor at the
DTU campus, Kongens Lyngby Denmark. Twenty selected plant/human
pathogens (Table 1) covering five genera Aspergillus, Penicillium, Ta-
laromyces, Cryptococcus and Candida were obtained from the DTU
Bioengineering IBT fungal collection. All microbes are maintained at
the department.

2.2. Genome sequencing

Genomic DNA was isolated from B. velezensis DTU001 using
Bacterial and Yeast Genomic DNA kit (EURx, Poland). Genome se-
quencing has been performed on PacBio RSII platform, de novo

assembly and annotation were done using the RS HGAO Assembly
(v3.0) and Prokka (v1.12b) software, respectively. The complete se-
quence has been deposited in NCBI (accession number CP035533)
followed by automatic annotation via NCBI PGAP [17].

2.3. Chemicals

Solvents used in this study were LC–MS grade, and all other che-
micals were analytical grade. Iturin A, fengycin and solvents as well
were from Sigma-Aldrich (Steinheim, Germany) unless otherwise
stated. Water was purified using a Milli-Q system (Millipore, Bedford,
MA). ESI–TOF tune mix was purchased from Agilent Technologies
(Torrance, CA, USA).

2.4. Digital DNA–DNA hybridization (dDDH)

The genome-to-genome-distance calculator (GGDC) version 2.1
provided by DSMZ (http://ggdc.dsmz.de/) was used for genome-based
species delineation [18] and genome-based subspecies delineation [19].
Distances were calculated by (i) comparing two genomes using the
chosen program to obtain HSPs/MUMs and (ii) inferring distances from
the set of HSPs/MUMs using three distinct formulas. Next, the distances
were transformed to values analogous to DDH. The DDH estimates were
based on an empirical reference dataset comprising real DDH values
and genome sequences. The DDH estimate resulted from a generalized
linear model (GLM) which also provided the estimate's confidence in-
terval. Three formulas are available for the calculation: (1) HSP length/
total length; (2) identities/HSP length; and (3) identities/total length.
Formula 2, which is especially appropriate to analyze draft genomes,
was used in this study.

2.5. Construction of the evolutionary tree

An initial whole genome phylogeny was inferred using the automlst
tool (http://automlst.ziemertlab.com; [38]). This automatically iden-
tifies related strains based on a seed collection of sequences obtained
from NCBI Genbank (B. velezensis DTU001, B. thuringiensis serovar
Berliner ATCC 10792, B. cereus 03BB102, B. megaterium DSM319, B.
velezensis FZB42), using a MASH-based algorithm, that extracts 80

Table 1
Bioactivity of iturin (1mg/mL), fengycin (1mg/mL), and crude B. velezensis extract (1mg/mL) against 16 human- and plant-pathogenic filamentous fungi and 4
yeasts. No inhibition is denoted with "-", while faint inhibition is labeled "+".
Name of the fungi Strain information Zone of inhibition (mm)

Iturin Fengycin B. velezensis
supernatant

A. niger IBT27878 Harvest decay of fresh and dried fruits and certain vegetables, nuts, beans, and cereals 27 – 25
A. terreus IBT22089 Opportunistic human pathogen; crops pathogen, e.g. wheat, ryegrass, and potatoes 20 – 19
A. felis IBT34215 Causative agent of Aspergillosis in humans, dogs and cats – – –
A. flavus IBT32105 30 – 26
T. amestolkiae IBT23485 Common cosmopolitan species that has been cultured from indoor house dust, sputum and lungs from

cystic fibrosis patients, indoor air, wheat, soil, pineapple, sculptures and manure
26 20 24

T. atroroseus IBT11181 29 20 30
P. expansum IBT34672 24 – 20
P. frequentans IBT34879 25 – 23
P. italicum IBT34168 30 – 33
P. digitatum IBT34217 + – +
P. ulaiense IBT23038 30 – 30
P. arizonense IBT12857 + – +
P. solitum IBT34928 33 – 33
P. sclerotigenum IBT30034 Opportunistic human infection, associated with blue mold of yam in Korea – – 32
A. uvarum IBT32575 Contamination of several agricultural products, including grape-derived products, co!ee and cocoa 25 – 35
A. calidoustus IBT28322 Opportunistic human infection – – 32
C. albicans IBT654 Superficial and serious systemic diseases 21 – 19
C. albicans IBT657 24 – 20
C. neoformans IBT10488 30 – 31
C. neoformans IBT10496 26 – 29
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phylogenetically relevant genes and builds a MLST phylogeny out of
these data. The sequence alignment obtained from automlst was then
manually refined (removal of very similar species). To infer the best
phylogenetic model, jModeltest (v.2.1.10) was used with default para-
meters [20]. In all three evaluation criteria (Akaike Information Cri-
terion AIC, Bayesian Information Criterion BIC and the Decision
Therory Performance-based Selection), the GTR + I + G model was
deemed most suitable. Thus, a maximum-likelihood tree was con-
structed in PhyML (v3.3.20180621) [21] using the parameters sug-
gested by jModeltest. The tree then was checked with Dendroscope
(v3.5.10) [22] and plotted using the ETE3 toolkit [23].

2.6. Genome mining of secondary metabolites

B. velezensis DTU001 and other 32 Bacillus strains were mined for
the biosynthetic gene clusters using the antiSMASH platform [24] and
BiG-SCAPE [25].

2.7. Agar-di!usion assay

Agar-di!usion assay was carried to test the anti-fungal activities. B.
velezensis DTU001 grown on agar plates was extracted by ethyl acetate,
concentrated and re-dissolved in methanol (1mg/mL). DMSO was used
as a negative control. Initial screening of the bacterial extract was done
by standard agar disc di!usion method [26] and the zone of inhibition
was noted. The 16 pathogenic filamentous fungi were grown on sterile
MEAOX plates and the 4 yeasts were cultivated on PDA at 25 °C. 5-days
old fungal plates and 2-days old yeast plates were taken for further
investigation. Spore suspensions harvested in tween 20 from MEAOX
medium plates with a final cell concentration of 5" 105 cfu/mL of each
microbial culture (fungi and yeast) were maintained for the disc dif-
fusion assay. Plugs were harvested from 48 h grown B. velezensis
DTU001 from MEAOX plates and extracted in isopropanol-ethyl
acetate-1% formic acid followed by 1 h ultra-sonication. The super-
natant was collected and dried utilizing nitrogen evaporator. The test
sample (B. velezensis extract) and the standard compounds (iturin and
fengycin) were dissolved in 0.5% DMSO to a concentration of 1mg/mL
each. Sterile Muller Hinton Agar plates were inoculated with the test
organisms using lawn culture method. Discs of 6mm were cut at the
centre of the sterile plates using a sterile cork borer. The discs were
loaded with 50 #l of each test sample. The plates were maintained at
25 ± 2 °C for 5 days and observed for clear zone of inhibition. Iturin
and fengycin standards were maintained as positive control. Blank as-
says in DMSO were applied to avoid any possible e!ect of the solvent.
Each experiment was conducted in triplicates for further confirmation
and reproducibility of results.

2.8. Anti-Candida e!ects under planktonic and biofilm conditions

The impact of B. velezensis DTU001 on C. albicans SC5314 reference
strain was assayed. C. albicans and B. velezensis were subcultured on
Sabouraud dextrose agar and lysogeny broth (LB) agar, respectively.
The growth of the individual strains in both monoculture and coculture
was evaluated in order to examine the e!ect of B. velezensis on C. al-
bicans planktonic growth. The final cell concentrations were adjusted to
2" 105 cells/ml in RPMI-1640 broth + LB broth (50:50 v/v %) both
for C. albicans and B. velezensis. Test tubes were incubated with agita-
tion in darkness at 35 °C. 100 #l culture was removed at 0, 2, 4, 6, 8, 12
and 24 h, serially diluted tenfold in sterile physiological saline then
plated onto either Sabouraud dextrose agar or LB agar. Plates were
incubated for 24 and 48 h at 35 °C for B. velezensis and C. albicans, re-
spectively. Results are representative of three independent experiments
and are expressed as mean ± SD (error bars), which was presented
using GraphPad Prism 6.05.

For the biofilm assays, polystyrene flat-bottom 96-well microtiter
plates (TPP, Trasadingen, Switzerland) were used for the formation of

single and mixed species biofilms of C. albicans and B. velezensis. A
volume of 200 #l of cell suspension (1" 106 cells/mL in RPMI-1640
broth + LB broth (50:50 v/v%) for C. albicans and 1" 106 cells/mL in
RPMI-1640 broth + LB broth (50:50 v/v%) for B. velezensis) was pi-
petted to each well for single biofilms, while 100 #L from each sus-
pension (2" 106 cells/mL for C. albicans with 2" 106 cells/ml for B.
velezensis) was added for mixed species biofilms to wells assigned to
endpoints 2, 4, 6, 8, 12 and 24 h. The plates were incubated in darkness
with static conditions. After 2, 4, 6, 8, 12 and 24 h of incubation, the
corresponding wells were washed three times with sterile physiological
saline then 200 #L sterile saline was added into wells, scraped o! the
adhered cells from surfaces; afterwards, aliquots of 100 #L were re-
moved. Cells were released by mild sonication and vortexing then di-
luted serially ten-fold and plated onto either Sabouraud dextrose agar
or LB agar. Plates were incubated for 24 and 48 h at 35 °C for B. vele-
zensis and C. albicans, respectively. Results are representative of three
independent experiments and are expressed as mean ± SD (error
bars), which was presented using GraphPad Prism 6.05.

2.9. Bacterial biofilm formation

Bacterial strains (B. velezensis DTU001, B. subtilis NCBI 3610 [28], B.
subtilis ATCC6633 (ATCC collection), B. subtilis PS216 [27], B. velezensis
FZB42 (obtained from Bacillus Genetic Stock Centre), and B. methylo-
trophicus NCCB100236 (obtained from Bacillus Genetic Stock Centre))
were inoculated in lysogeny broth (Lenox LB, Carl Roth, Germany) and
grown overnight for 16 h at 37 °C at 225 rpm. For pellicle development
20 #l was inoculated in 2mL MSgg medium and placed in a 24-well
plate, while 5 #L spotted on MSgg medium solified with 1,5% agar that
was prepared as described previously [8,28]. Both pellicle and colony
biofilms were incubated at incubated at 30 °C static conditions and
imaged after 3 days.

2.10. Secondary metabolites identification

A UHPLC–DAD–QTOF method was set up for screening, with typical
injection volumes of 0.1–2 #L extract. Separation was performed on a
Dionex Ultimate 3000 UHPLC system (Thermo Scientific, Dionex,
Sunnyvale, California, USA) equipped with a 100" 2.1 mm, 2.6 #m,
Kinetex C18 column, held at a temperature of 40 °C, and using a linear
gradient system composed of A: 20mmol L$1 formic acid in water, and
B: 20mmol L$1 formic acid in acetonitrile. The flow was 0.4 mLmin$1,
90% A graduating to 100% B in 10min, 100% B 10–13min, and 90% A
13.1–15min.

Time-of-flight detection was performed using a maXis 3G QTOF
orthogonal mass spectrometer (Bruker Daltonics, Bremen, Germany)
operated at a resolving power of %50000 full width at half maximum
(FWHM). The instrument was equipped with an orthogonal electro-
spray ionization source, and mass spectra were recorded in the range
m/z 100–1500 as centroid spectra, with five scans per second. For ca-
libration, 1 #L 10mmol L$1 sodium formate was injected at the be-
ginning of each chromatographic run, using the divert valve
(0.3–0.4min). Data files were calibrated post-run on the average
spectrum from this time segment, using the Bruker HPC (high-precision
calibration) algorithm.

For ESI+ the capillary voltage was maintained at 4200 V, the gas
flow to the nebulizer was set to 2.4 bar, the drying temperature was
220 °C, and the drying gas flow was 12.0 Lmin$1. Transfer optics (ion-
funnel energies, quadrupole energy) were tuned on HT-2 toxin to
minimize fragmentation. For ESI$ the settings were the same, except
that the capillary voltage was maintained at$2500 V. Unless otherwise
stated, ion-cooler settings were: transfer time 50 #s, radio frequency
(RF) 55 V peak-to-peak (Vpp), and pre-pulse storage time 5 #s.
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3. Results and discussion

3.1. The genome of the indoor airborne isolate B. velezensis DTU001
encodes numerous secondary metabolites

B. velezensis DTU001 was isolated indoor at the DTU campus in
Denmark and selected for detailed analysis based on its potential an-
timicrobial activity. The complete genome sequence of B. velezensis
DTU001 consisted of a circular 3.927.210 bp chromosome with a GC
content of 46.6%. Its 16S rRNA gene sequence exhibited 99% similarity
to B. velezensis and B. amyloliquefaciens in genome database.

The phylogenetic a!liation of DTU001 isolate was further in-
vestigated using digital DNA:DNA-hybridization (dDDH) similarities
and di"erences in genomic G + C content. (https://ggdc.dsmz.de/).
These distances are transformed to values analogous to DDH using a
generalized linear model (GLM) inferred from an empirical reference
dataset comprising real DDH values and genome sequences. Compared
to B. velezensis FZB42 (NC-009725.1), DDH value of 80.3%, di"erence
in % G + C: 0.10. Meanwhile, there is a DDH analogous value of B.
amyloliquefaciens (FN597644.1) 55.4%, di"erence in % G + C: 0.51.
This result clearly supports that DTU001 is closer related to B. vele-
zensis, where the DDH value exceeded the threshold of 70%.

A phylogenetic analysis with automlst (http://automlst.ziemertlab.
com) was carried out, which automatically extracts 80 conserved genes,
concatenates them, computes a multiple sequence alignment and builds
a phylogenetic tree. The sequence alignment was manually checked,
and a maximum-likelihood tree refined with jModelTest2 [30] and
PhyML [21]. According to the MLST analysis, B. velezensis DTU1 forms a
clade with other Bacilli that were recently proposed to be assigned the
new species Bacillus lentimorphus [29].

To determine the genetic potential of B. velezensis DTU001 as bio-
control strain, the complete genome was surveyed for biosynthetic gene
clusters that identified nine gene clusters involved in nonribosomal
synthesis of lipopeptides, polyketides, and siderophore bacillibactin.
About 15.4% of the whole DTU001 genome was devoted to secondary
metabolites synthesis of nonribosomal synthesis of antimicrobial com-
pounds and siderophores. In addition, genes for synthesis of the highly
bioactive extracellular alkaline guanyl-preferring ribonuclease, pre-
viously detected in B. amyloliquefaciens [30] was also identified in the
genome of DTU001.

In order to compare the biosynthetic potentials between di"erent
Bacilli, B. velezensis together with other 17 species were mined for the
genetic potential of secondary metabolite production using antiSMASH
and BiG-SCAPE. All Bacilli related to B. velezensis DTU001 have the
genetic potential to utilize bacillibactin as a siderophore to acquire
irons from the environments (Fig. 1). All selected B. amyloliquefaciens,
B. velezensis, and B. subtilis strains showed high similarities in BGC
potentials and are considered as talented strains producing various li-
popetides or polyketides. More distantly related Bacillus strains, such as
members of the Bacillus cereus group showed a di"erent secondary
metabolite production genotype. All of these strains (B. cereus, B. an-
thracis, B. thuringiensis) seem to be unable of producing lipopeptides of
the surfactin, iturin or fengycin families.

3.2. Antifungal characterization of B. velezensis

Iturins are well-known secondary metabolites important for bio-
control against plant pathogens such as Xanthomonas campestris subsp.
Cucurbitae, Pectobacterium carotovorum subsp. Carotovorum, Rhizoctonia
solani, Fusarium graminearum etc. [31,32]. However, the impact of
iturins against medically-relevant fungal pathogens is less explored.
Therefore, we tested the e!cacy and target specificity of DTU001
against selected important plant and human pathogenic fungi. In ad-
dition, we compared the e"ectiveness of the DTU001 crude extract and
the purified lipopeptides, iturin and fengycin. We have selected 17
important plant and human pathogenic filamentous fungi (Table 1)

ranging from the genera Penicillium, Aspergillus, Talaromyces, Candida to
Cryptococcus. Besides those notorious plant pathogens such as Asper-
gillus uvarum infecting grapes, citrus rotting Penicillium ulaiense and
post-harvest pathogen Penicillium expansum infecting apples, several
important human pathogens were tested, such as Aspergillus niger and
Candida.

The organic extracts of B. velezensis DTU001 displayed strong anti-
fungal e"ects against A. uvarum, P. ulaiense and P. expansum (Table 1
and Fig. 2). Due to the susceptibility to infection of mature and overripe
fruit, post-harvest treatment of fruit with fungicides has traditionally
been the most common method of combating P. expansum. Also, bio-
fungicides using active ingredients such as bacteria and yeast have been
successful in preventing infection but are ine"ective against existing
infections [33]. Considering the size of the apple product industry and
the large number of people that may come into contact with infected
fruits, control of the P. expansum is vitally important. Interestingly both
Talaromyces atroroseus and Talaromyces amestolkiae were inhibited by
both fengycin (20mm) and iturin (29, 26mm) as well as the crude
extract (Table 1 and Fig. 2). All the tested organisms showed less or no
susceptibility towards fengycin.

In summary, the agar di"usion test showed that iturin and fengycin
displayed selective anti-fungal activities against certain fungal patho-
gens, which means that some strains are insensitive to the addition of a
single purified compound. For example, neither iturin nor fengycin
displayed activities against Penicillium sclerotigenum and Aspergillus ca-
lidoustus. Overall, iturin displayed stronger and broader activities
compared to fengycin. Compared to iturin and fengycin standards, ex-
tracts of B. velezensis DTU001 exhibited stronger inhibition activities
and displayed a broader spectrum against test fungi including P. scler-
otigenum and A. calidoustus. One explanation might be that B. velezensis
produced a cocktail mixture which functions in a synergistic and more
e"ective manner or additional secondary metabolite plays a role in the
inhibition. However, the combined impact of the lipopeptides could
avoid fast resistance evolution and help the bacterium in the environ-
mental survival. It seemed that Aspergillus felis harbored certain me-
chanisms to avoid anti-fungal e"ects from B. velezensis DTU001 as
neither lipopeptide standards nor the bacterial crude extract displayed
inhibition activities against this fungus.

3.3. B. velezensis DTU001 is able to weaken biofilms of C. albicans

As B. velezensis DTU001 showed broad anti-fungal activity spec-
trum, we further evaluated if the bacterial isolate can directly reduce
the growth of the human pathogen fungus, C. albicans under planktonic
conditions and during biofilm development. First, the growth of the
fungus and bacterium was monitored in planktonic co-cultures and
compared to the mono-cultures (Fig. 3). Importantly, the B. velezensis
cell count in the coculture with C. albicans did not di"er significantly
compared to the monoculture. In contrast, C. albicans planktonic cells
between 6 and 24 h diminished in the presence of B. velezensis DTU001,
therefore the bacterial isolate was able to inhibit the proliferation of the
fungus in the co-cultures. Similarly, B. velezensis DTU001 was able to
reduce the biofilms of C. albicans when co-cultured. The inhibitory ef-
fect was even higher that under planktonic conditions after 24 h (2-log
decrease in fungal cell count). These experiments further support the
applicability of B. velezensis DTU001 as biocontrol agent even in the
presence of the target organism.

3.4. B. velezensis DTU001 is a potent biofilm former

The probiotic e"ects of Bacilli depend on the ability to form biofilm
and production of a matrix, that acts as an immune system stimulator
[34], protects from environmental stress [35], and is required for plant
colonization [36,37]. Therefore, we have compared the biofilm for-
mation of B. velezensis DTU001 to other Bacillus species known for
biofilm formation. Both architecturally complex colonies on agar
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Fig. 1. Evolutionary relationships of taxa between B. velezensis DTU001 and other Bacilli. A maximum-likelihood phylogenetic tree based on 80 conserved genes of
selected strains of Bacilli is shown; B. megaterium DSM 319 was selected as outgroup. The presence/absence of typical Bacillus BGCs is depicted on the right.

Fig. 2. Extracts of B. velezensis DTU001 against fungi showing clear inhibition zones. Images left to right: P. frequentans, A. niger and T. amestolkiae. DMSO control
loaded to the left hole, while the crude extract was applied to the right hole demonstrating the specific inhibition zone against the fungi.
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medium and air-liquid localized pellicles were tested. The biofilm de-
velopment can be qualitatively monitored using these models: the more
complex structures and enhanced wrinkles produced, the increased the
biofilm development of Bacilli [28,37]. In addition, pellicle formation
strongly depends on the matrix components, without which cell are
unable to float on the air-medium interface [8]. Both the architecturally
complex biofilm colonies and the pellicles showed robust biofilm for-
mation (i.e. wrinkled pellicles and colonies) by B. velezensis DTU001
that was comparable to other closely related isolates from the B. subtilis
species complex (Fig. 4).

3.5. Secondary metabolites characterization of B. velezensis DTU001

Based on the genome sequences and antifungal activity, B. velezensis
DTU001 was predicted to produce various lipopeptides. To specifically
demonstrate these secondary metabolites, LC-HRMS analysis was per-
formed on ethyl acetate extracts harvested from agar grown B. velezensis
DTU001. Indeed, chemical analysis along with purified standards de-
tected three groups of bioactive lipopeptides: iturins, fengycins, and
surfactins (Fig. 5, Figs. S1, S2, S3 and S4 in the supplemental data).

4. Conclusions

Through genomics and metabolomics investigation, we demon-
strated that B. velezensis DTU001 harbored the capacity to produce
bioactive lipopeptides, comparable to the commercially utilized B.
amyloliquefaciens and B. velezensis strains. Production of bioactive
iturin, fengycin and surfactin by this strain was confirmed by HPLC-
HRMS. Phylogenetic distance between DTU001 and those commercially
utilized B. amyloliquefaciens together with their shared chemistry makes
DTU001 as an attractive biocontrol option. Additionally, our targeted
comparative genomics study revealed the versatility of secondary me-
tabolite production by the selected Bacilli.

Either iturin or fengycin were previously proposed to be responsible
for the antifungal activities of isolates within the B. subtilis species
complex, however, we propose here that a cocktail anti-fungal agent
derived from the crude extract of B. velezensis DTU001 functions more
e!ciently than single components. In addition, it will be interesting to
examine whether purified surfactin also impacts the inhibitory poten-
tial of DTU001. In summary, this newly described isolate can be utilized
as a biocontrol agent with a broad antifungal spectrum and provides a
sustainable alternative for replacement of hazardous chemicals.

Fig. 3. Planktonic (A) and biofilm (B) cul-
tivation of C. albicans SC5314 and B. vele-
zensis DTU001. Colony forming units were
recorded at the indicated time points for C.
albicans (open rhombus indicates C. albicans
alone, open square denotes C. albicans in the
presence of B. velezensis) and B. velezensis
(open circle indicates B. velezensis alone,
filled circle denotes B. velezensis in the pre-
sence of C. albicans).

Fig. 4. Pellicle (above) and colony biofilms (below) of selected strains from the B. subtilis species complex. The ability of biofilm formation is indicated by the
development of wrinkles on the top of the pellicles and colonies. Scale bar indicates 5 mm.

S. Devi, et al. 6\QWKHWLF�DQG�6\VWHPV�%LRWHFKQRORJ\�������������²���

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

Declaration of interests

None.

Acknowledgements

This work was supported by the Danish National Research
Foundation (DNRF137) for the Center for Microbial Secondary
Metabolites (CeMiSt). SD was supported by a Novozymes and Henning
Holck Larsen fellowship during her stay at DTU. TW was supported by a
grant from Novo Nordisk Foundation (NNF10CC1016517).

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.synbio.2019.08.002.

References

[1] De Lucca AJ, Walsh TJ. Antifungal peptides: novel therapeutic compounds against
emerging pathogens. Antimicrob Agents Chemother 1999;43:1–11.

[2] Ongena M, Jacques P. Bacillus lipopeptides: versatile weapons for plant disease
biocontrol. Trends Microbiol 2008;16:115–25.

[3] Rahman SFSA, Singh E, Pieterse CMJ, Schenk PM. Emerging microbial biocontrol
strategies for plant pathogens. Plant Sci 2018;2:102–11.

[4] Chae GP, Shoda M, Kubota H. Suppressive e!ect of Bacillus subtilis and its products
on phytopathogenic microorganisms. J Ferment Bioeng 1990;69:1–7.

[5] Shafi J, Tian H, Ji MS. Bacillus species as versatile weapons for plant pathogens: a
review. Biotechnol Biotechnol Equip 2017;31:446-459.

[6] Denner WGT. The legislative aspects of the use of industrial enzymes in the man-
ufacture of food and food ingredients. Industrial enzymology. New York: Stockton
Press; 1996. p. 6.

[7] Grubbs KJ, Bleich RM, Santa Maria KC, Allen SE, Farag S, AgBiome T, Shank EA,
Bowers AA. Large-scale bioinformatics analysis of Bacillus genomes uncovers con-
served roles of natural products in bacterial physiology. mSystems 2017;2.
e00040-17.

[8] Fan B, Blom J, Klenk HP, Borriss R. Bacillus amyloliquefaciens, Bacillus velezensis, and
Bacillus siamensis form an "operational group B. amyloliquefaciens" within the B.
subtilis species complex. Front Microbiol 2017;8:22.

[9] Fan B, Wang C, Ding X, Zhu B, Song X, Borriss R. AmyloWiki: an integrated database
for Bacillus velezensis FZB42, the model strain for plant growth-promoting Bacilli.
Database 2019;1:baz071.

[10] Verschuere L, Rombaut G, Sorgeloos P, Verstraete W. Probiotic bacteria as biolo-
gical control agents in aquaculture. Microbiol Mol Biol Rev 2000;64:655–71.

[11] Kanafani ZA, Corey GR. Daptomycin: a rapidly bactericidal lipopeptide for the
treatment of Gram-positive infections. Expert Rev Anti Infect Ther 2007;5:177–84.

[12] Meena KR, Kanwar KS. Lipopeptides as the antifungal and antibacterial agents:
applications in food safety and therapeutics. BioMed Res Int 2015:473050.

[13] Benoit I, van den Esker MH, Patyshakuliyeva A, Mattern DJ, Blei F, Zhou M,
Dijksterhuis J, Brakhage AA, Kuipers OP, de Vries RP, Kovács ÁT. Bacillus subtilis
attachment to Aspergillus niger hyphae results in mutually altered metabolism.
Environ Microbiol 2015;17:2099–113.

[14] Grau RR, de Ona P, Kunert M, Lenini C, Gallegos-Monterrosa R, Mhatre E, Vileta D,
Donato V, Holscher T, Boland W, Kuipers OP, Kovács ÁT. A duo of potassium-re-
sponsive histidine kinases govern the multicellular destiny of Bacillus subtilis. mBio
2015;6:e00581.

[15] Kearns DB. A field guide to bacterial swarming motility. Nat Rev Microbiol
2010;8:634–44.

[16] Hölscher T, Kovács ÁT. Sliding on the surface: bacterial spreading without an active
motor. Environ Microbiol 2017;19:2537–45.

[17] Haft DH, DiCuccio M, Badretdin A, Brover V, Chetvernin V, O'Neill K, Li W, Chitsaz
F, Derbyshire MK, Gonzales NR, Gwadz M, Lu F, Marchler GH, Song JS, Thanki N,
Yamashita RA, Zheng C, Thibaud-Nissen F, Geer LY, Marchler-Bauer A, Pruitt KD.
RefSeq: an update on prokaryotic genome annotation and curation. Nucleic Acids
Res 2018;46:D851–60.

[18] Meier-Koltho! JP, Auch AF, Klenk HP, Goker M. Genome sequence-based species
delimitation with confidence intervals and improved distance functions. BMC Bioinf
2013;14:60.

[19] Meier-Koltho! JP, Hahnke RL, Petersen J, Scheuner C, Michael V, Fiebig A, Rohde
C, Rohde M, Fartmann B, Goodwin LA, Chertkov O, Reddy T, Pati A, Ivanova NN,
Markowitz V, Kyrpides NC, Woyke T, Goker M, Klenk HP. Complete genome se-
quence of DSM 30083(T), the type strain (U5/41(T)) of Escherichia coli, and a
proposal for delineating subspecies in microbial taxonomy. Stand Genomic Sci
2014;9:2.

[20] Darriba D, Taboada GL, Doallo R, Posada D. jModelTest 2: more models, new
heuristics and parallel computing. Nat Methods 2012;9:772.

[21] Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, Gascuel O. New al-
gorithms and methods to estimate maximum-likelihood phylogenies: assessing the
performance of PhyML 3.0. Syst Biol 2010;59:307–21.

[22] Huson DH, Scornavacca C. Dendroscope 3: an interactive tool for rooted phyloge-
netic trees and networks. Syst Biol 2012;61:1061–7.

[23] Huerta-Cepas J, Serra F, Bork P. ETE 3: reconstruction, analysis, and visualization of
phylogenomic data. Mol Biol Evol 2016;33:1635–8.

[24] Weber T, Blin K, Duddela S, Krug D, Kim HU, Bruccoleri R, Lee SY, Fischbach MA,
Muller R, Wohlleben W, Breitling R, Takano E, Medema MH. antiSMASH 3.0-a
comprehensive resource for the genome mining of biosynthetic gene clusters.
Nucleic Acids Res 2015;43:W237–43.

[25] Navarro-Muñoz J, Selem-Mojica N, Mullowney M, Kautsar S, Tryon J, Parkinson E,
De Los Santos E, Yeong M, Cruz-Morales P, Abubucker S, Roeters A, Lokhorst W,
Fernandez-Guerra A, Teresa Dias Cappelini L, Thomson R, Metcalf W, Kelleher N,
Barona-Gomez F, Medema MH. A computational framework for systematic ex-
ploration of biosynthetic diversity from large-scale genomic data. bioRxiv
2018:445270.

[26] Bauer AW, Kirby WM, Sherris JC, Turck M. Antibiotic susceptibility testing by a
standardized single disk method. Am J Clin Pathol 1966;45:493–6.

[27] Stefanic P, Mandic-Mulec I. Social interactions and distribution of Bacillus subtilis
pherotypes at microscale. J Bacteriol 2009;191:1756–64.

[28] Branda SS, Gonzalez-Pastor JE, Ben-Yehuda S, Losick R, Kolter R. Fruiting body
formation by Bacillus subtilis. Proc Natl Acad Sci 2001;98:11621–6.

[29] Parks DH, Chuvochina M, Waite DW, Rinke C, Skarshewski A, Chaumeil PA,
Hugenholtz P. A standardized bacterial taxonomy based on genome phylogeny
substantially revises the tree of life. Nat Biotechnol 2018;36:996–1004.

[30] Hartley RW, Rogersen Jr. DL, Smeaton JR. Production and purification of the ex-
tracellular ribonuclease of Bacillus amyloliquefaciens (barnase) and its intracellular
inhibitor (barstar). II. Barstar. Prep Biochem 1972;2:243–50.

[31] Gong AD, Li HP, Yuan QS, Song XS, Yao W, He WJ, Zhang JB, Liao YC. Antagonistic
mechanism of iturin A and plipastatin A from Bacillus amyloliquefaciens S76-3 from
wheat spikes against Fusarium graminearum. PLoS One 2015;10:e0116871.

[32] Zeriouh H, Romero D, Garcia-Gutierrez L, Cazorla FM, de Vicente A, Perez-Garcia A.
The iturin-like lipopeptides are essential components in the biological control

Fig. 5. Base peak chromatogram showing the presence of iturin, fengycin and surfactin produced by B. velezensis DTU001.

S. Devi, et al. 6\QWKHWLF�DQG�6\VWHPV�%LRWHFKQRORJ\�������������²���

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

arsenal of Bacillus subtilis against bacterial diseases of cucurbits. Mol Plant Microbe
Interact 2011;24:1540–52.

[33] Konstantinou S, Karaoglanidis GSK, Bardas GA. Postharvest fruit rots of apple in
Greece: pathogen incidence and relationships between fruit quality parameters,
cultivar susceptibility, and patulin production. Plant Dis 2011;95:7.

[34] Jones SE, Paynich ML, Kearns DB, Knight KL. Protection from intestinal in-
flammation by bacterial exopolysaccharides. J Immunol 2014;192:4813–20.

[35] Kovács ÁT, van Gestel J, Kuipers OP. The protective layer of biofilm: a repellent

function for a new class of amphiphilic proteins. Mol Microbiol 2012;85:8–11.
[36] Beauregard PB, Chai Y, Vlamakis H, Losick R, Kolter R. Bacillus subtilis biofilm in-

duction by plant polysaccharides. Proc Natl Acad Sci 2013;110:E1621–30.
[37] Gallegos-Monterrosa R, Mhatre E, Kovács ÁT. Specific Bacillus subtilis 168 variants

form biofilms on nutrient-rich medium. An Microbiol 2016;162:1922–32.
[38] Alanjary M, Steinke K, Ziemert N. AutoMLST: an automated web server for gen-

erating multi-locus species trees highlighting natural product potential. Nucleic
Acids Res 2019;47:W276–82.

S. Devi, et al. 6\QWKHWLF�DQG�6\VWHPV�%LRWHFKQRORJ\�������������²���

���

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 





Chapter 7 | Research articles 
 

 
Technical University of Denmark  | 129 

7.5  Study 5 

 
Fungal hyphae colonization by Bacillus subtilis relies on biofilm matrix 
components 
 
 
Kjeldgaard B, Listian SA, Ramaswamhi V, Richter A, Kiesewalter HT, Kova ́cs A ́T 
(2019). Biofilm 1:100007 
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A B S T R A C T

Bacteria interact with their environment including microbes and higher eukaryotes. The ability of bacteria and
fungi to affect each other are de!ned by various chemical, physical and biological factors. During physical as-
sociation, bacterial cells can directly attach and settle on the hyphae of various fungal species. Such colonization
of mycelia was proposed to be dependent on bio!lm formation by the bacteria, but the essentiality of the bio!lm
matrix was not represented before. Here, we demonstrate that secreted bio!lm matrix components of the soil-
dwelling bacterium, Bacillus subtilis are essential for the establishment of a dense bacterial population on the
hyphae of the !lamentous black mold fungus, Aspergillus niger and the basidiomycete mushroom, Agaricus bisporus.
We further illustrate that these matrix components can be shared among various mutants highlighting the
community shaping impact of bio!lm formers on bacteria-fungi interactions.

1. Introduction

Bio!lm development by a plethora of bacteria and fungi has been
pragmatically studied separately in the laboratory. Bio!lm formation is
abundant in the environment [1] and these bio!lm communities likely
comprise both bacteria and fungi in addition to higher eukaryotes graz-
ing or residing these habitats. Interaction among bacteria and fungi ex-
tends physical associations, and furthermore includes chemical
communications, ranging from antibiosis and metabolic exchange to
speci!c signaling and chemotaxis [2]. These direct or indirect in-
teractions among bacteria and fungi alters the physiology, growth,
movement, differentiation, pathogenesis, reproduction and/or survival
of either or both partners [2]. During physical interaction between bac-
teria and fungi, stable association is possibly facilitated by the production
of a viscous bio!lmmatrix. Indeed, the production of a bio!lmmatrix has
been suggested for various bacterial isolates on the hyphae of the ecto-
mycorrhizal fungus, Laccaria bicolor [3], however, the essentiality of the
bio!lm matrix in long term attachment has not been con!rmed before.
Several molecular determinants have been described to be important for
bacteria-fungi interactions, including motility, quorum sensing, bacterial

secretion system, secondary metabolites (see an extended list reviewed in
Ref. [4]). Here, we examined the role of bio!lm components of Bacillus
subtilis during association with !lamentous Ascomycota and Basidiomy-
cota. B. subtilis is a soil-derived Gram-positive bacterium and
long-studied model for physiology, genetics and differentiation,
including motility, sporulation, bio!lm formation [5]. Phenotypic
diversi!cation of this bacterium is in"uenced by intertwinement of
global regulators, including Spo0A that has been originally described to
be involved in production of heat and pressure resistant spores [6]. In
addition, Spo0A has been later shown to impact protease secretion, toxin
production, and bio!lm development, thus involved in regulation of
genes related to cell fate decision of the bacterium [7]. Formation of
bio!lm in B. subtilis requires a complex matrix composed of exopoly-
saccharide (EPS), TasA amyloid !ber, and a surface localized hydro-
phobin, BslA [8–13]. The former two matrix components are essential for
the establishment of a "oating bio!lm on the air-medium interface
(referred to as pellicle), the creation of complex vein-like structures on
agar medium, or attachment to the root surface of plants [8–10,14,15].
BslA protein creates a shield around the pellicle and colony bio!lm to
avoid penetration of hydrophobic "uids and its deletion alters
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microstructure of colonies [12,13,16], but it is not indispensable for
establishment of !oating bio"lms [17,18]. The ability and degree of
bio"lm matrix production correlates with attachment to the plant root
surface in hypotonic cultures and also with the ability of the bacterial

strains to protect tomato plant against wilt disease caused by Ralstonia
solanacearum [10,19]. As the matrix components are secreted from the
cells, mutants lacking either EPS or TasA are able to complement each
other and create a functional bio"lm both in vitro and on the plant root
[10,11,20].

A previous study demonstrated that attachment of B. subtilis to the
mycelia of Aspergillus niger leads to metabolic alterations in both partners
[21]. Microarray experiments revealed that genes responsible for single
cell motility in B. subtilis are downregulated 3 h after attachment [21],
suggesting settlement of the bacterial cells on the fungal hyphae. How-
ever, transcriptions of bio"lm-related genes were not altered at such an
early stage of interaction compared to planktonic cells.

Here, we revisited the interaction of B. subtilis with A. niger dissecting
the co-cultures after 24 h of incubation. We demonstrate that long-term
attachment depends on the genes required for exopolysaccharide and
amyloid "ber production, but neither the synthesis of hydrophobin nor
the ability for single cell motility are required for the bacterial settlement
on the fungal mycelium. Moreover, the secreted matrix components can
complement single gene deletion mutants. Finally, we show that such a
matrix-dependent colonization of fungal hyphae is not only restricted to
A. niger, but similarly required for bio"lm formation on the mycelia of the
basidiomycete, Agaricus bisporus.

2. Material and methods

2.1. Strains, media composition and culturing conditions

All the bacterial and fungal strains used in this study are listed in
Table 1. Bacterial strains were cultivated in Lysogeny Broth medium (LB-

Table 1
Bacterial and fungal strains used in this study. CmR, SpecR, KmR, and TetR denote
chloramphenicol, spectinomycin, kanamycin, and tetracycline resistance cas-
settes, respectively.

Bacterial strains

B. subtilis
strains

Characteristics Reference

DK1042 NCBI3610 comIQ12I [31]
TB34 DK1042 amyE::Phyperspank-gfp, CmR [32]
TB35 DK1042 amyE::Phyperspank-mKATE2, CmR [33]
TB36 DK1042 !hag::KmR; amyE::Phyperspank-gfp, CmR [34]
TB37 DK1042 !hag::KmR; amyE::Phyperspank-mKATE2, CmR [34]
TB421 DK1042 !spo0A::KmR; amyE::Phyperspank-gfp, CmR [32]
TB524 DK1042 !eps::TetR; amyE::Phyperspank-gfp, SpecR [11]
TB525 DK1042 !eps::TetR; amyE::Phyperspank- mKATE2,

SpecR
[11]

NRS2097 NCIB3610 !bslA::CmR [35]
TB526 DK1042 !bslA::CmR; amyE::Phyperspank-gfp, SpecR This study
TB538 DK1042 !tasA::KmR; amyE::Phyperspank-gfp, SpecR [11]
TB539 DK1042 !tasA::KmR; amyE::Phyperspank- mKATE2,

SpecR
[11]

Fungal strains
Species name Strain and collection numbers Reference

A. bisporus H39/CBS 122262 [36]
A. niger N402/ATCC 64974/CBS 132248 [37]

Fig. 1. Colonization of the A. niger hyphae by B. subtilis (A) wild type, (B) spo0A mutant and (C) the co-culture of 10:1 GFP-labeled spo0A mutant and mKATE-labeled
wild type. GFC: green !uorescent channel; RFC: red !uorescent channel. Scale bars indicate 20 "m. The images presented are representative examples selected from
independent samples repeated on different days. (For interpretation of the references to color in this "gure legend, the reader is referred to the Web version of
this article.)
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Lennox, Carl Roth, Germany; 10 g l!1 tryptone, 5 g l!1 yeast extract and
5 g l!1 NaCl) supplemented with 1.5% Bacto agar if required. Supple-
mented LB medium was prepared by adding 1% 1mol l!1 MgSO4 and
0.1% 0.1mol l!1 MnCl2 to basic LB medium. A. niger was cultivated on
potato dextrose glucose agar (PDA) medium (Carl Roth, Germany; potato
infusion 4 g l!1, glucose 20 g l!1, agar 15 g l!1, pH value 5.2" 0.2) to
harvest spores and in LB medium for formation of macro-colonies.
A. bisporus was cultivated on PDA plates or potato dextran glucose
broth (PDB) medium (Carl Roth, Germany; potato infusion 4 g l!1,
glucose 20 g l!1, pH value 5.2" 0.2).

TB526 was obtained using natural competence [22] by transforming
genomic DNA extracted from NRS2097 to TB34 and selecting for chlor-
amphenicol resistance, followed by verifying the mutation by PCR. To
select for resistant bacterial colonies after transformation, 5 !g l!1

chloramphenicol was used.

2.2. Hyphal colonization assay of A. niger

Spores of A. niger cultures grown at 28 #C for 7–12 days on PDA plates
were harvested using 10ml saline tween solution (8 g l!1 NaCl and
0.05ml l!1 Tween 80) and !ltered through Miracloth (Millipore; Bill-
erica, USA) following the protocol described in Ref. [21]. The spore so-
lution was centrifuged 5000 rpm for 10 min and resuspended in saline
tween solution. Spores were stored at 4 #C until use, but no more than 14
days. Around 3*105 spores ml!1 were inoculated into 25ml of LB me-
dium and shaken at 120 rpm at 28!C for 24 h 4–5 macro-colonies were
transferred into a single well of a 24-well plate and culture was supple-
mented with 0.01mol l!1 MgSO4 and 0.1mmol l!1 MnCl2 as indicated
for supplemented LB medium. 10 !l of B. subtilis overnight culture grown
at 37 #C was inoculated into each well (single or mixed culture). The
co-cultures were incubated at 28 #C with shaking at 170 rpm for 24 h.

Fig. 2. B. subtilis lacking bio!lm components, (A)
TasA or (B) EPS are unable to grow on the A. niger
hyphae, while strains lacking (C) the production of
hydrophobin, BslA or (D) motility established stable
colonization on the mycelia. GFC: green "uorescent
channel; RFC: red "uorescent channel. Scale bars
indicate 20 !m. The images presented are represen-
tative examples selected from independent samples
repeated on different days. (For interpretation of the
references to color in this !gure legend, the reader is
referred to the Web version of this article.)
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Following incubation, the pellicle bio!lm formed at the air-liquid inter-
face was removed from each well. Subsequently, A. niger macro-colonies
were washed two times with sterile MilliQ water before imaging.

2.3. Hyphal colonization assay of A. bisporus

Three-week old A. bisporus culture, grown on PDA plates at 25 !C was
wetted with 10ml of physiological saline and scraped thoroughly with a
spreader. Afterwards, 1 ml of the hyphal suspension was incubated in
25ml PDB at 25 !C without agitation for 8–14 days. After eight days,
A. bisporus macro-colonies were "oating within the media. One macro-
colony each was transferred into a well of a 24-well microtiter plate.

Remaining PDB was removed and the macro-colonies were washed once
with physiological saline. 1ml of supplemented LB mediumwas added to
each macro-colony and inoculated with 10 !l of B. subtilis overnight
culture grown at 37 !C (single or mixed culture). The microtiter plate was
incubated at 25 !C with shaking at 170 rpm for 22–24 h. Subsequently,
A. bisporus macro-colonies were washed three times with physiological
saline.

2.4. Sample preparation and confocal laser scanning microscopy (CLSM)

Washed fungal macro-colonies were transferred to microscope slides
and gently sealed with cover slips. Fungal hyphae colonization was

Fig. 3. Mutations in tasA and eps genes were
complemented by the co-inoculation of the
mutants (A and B), and by the wild type
strain (C–F) including a "uorescent marker
swap, resulting in fungal colonization by the
mutants. GFC: green "uorescent channel;
RFC: red "uorescent channel. Scale bars
indicate 20 !m. The images presented are
representative examples selected from inde-
pendent samples repeated on different days.
(For interpretation of the references to color
in this !gure legend, the reader is referred to
the Web version of this article.)
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analysed with two confocal laser scanning microscopes (LSM 710 (Carl
Zeiss) or TCS SP8 (Leica) both equipped with an argon laser and a Plan-
Apochromat 63x/1.4 Oil objective). Fluorescent reporter excitation was
performed at 488 nm for green !uorescence and at 561 nm for red
!uorescence, while the emitted !uorescence was recorded at 540/40 nm
and 668/86 nm (Zeiss) or 520/23 nm and 700/90 nm (Leica) for GFP and
mKATE, respectively, (wavelength/bandwidth). For generating multi-
layer images, Z-stack series with 1 !m steps were acquired and pro-
cessed with the software ImageJ (National Institutes of Health).
Maximum intensity was used to merge "ve chosen stacks of the green
!uorescent, red !uorescent and overlay channel. Merging of the "ve
stacks was done to integrate signals from the bacterial cells at different

focus planes. The bright "eld channel is represented by only one
brightness-adjusted image from one of the stacks used to obtain the
!uorescent images.

3. Results and discussion

3.1. Colonization of the A. niger hyphae by B. subtilis depends on the
global regulator, Spo0A

Transcriptome analysis of attaching B. subtilis cells on A. nigermycelia
has revealed that expression of genes related to single cell motility is
reduced compared to non-attached cells [21] suggesting that the bacte-
rial cells switch from planktonic to sessile state of growth. The global
transcriptional regulator, Spo0A in!uences hundreds of genes in
B. subtilis that determine bacterial cell fate, e.g. differentiation into
swimming, bio"lm forming, or sporulating cell types [7]. Therefore, the
impact of spo0A gene deletion in B. subtilis was "rst assayed during
colonization of the hyphae of A. niger. As expected, bacterial cells of the
spo0A strain showed reduced hyphal colonization compared to the wild
type and only planktonic cells were observed around A. niger (Fig. 1A and
B). Driven by the observation that colonization of plant root by B. subtilis
requires secreted bio"lm matrix components [10,19], we have inspected
if addition of wild type strain restores attachment of spo0A mutant cells
on the fungal hyphae. Indeed, co-inoculation of wild type and spo0A cells
in 1:10 ratio rescued attachment of spo0A strain to the hyphae, sug-
gesting that secreted factors by the wild type strains are suf"cient for the
establishment of bio"lm by the two strains on the fungal mycelia
(Fig. 1C). Alternatively, signaling molecules produced by the wild type
strain, but absent in the spo0Amutant could induce the molecular factors
responsible for hyphal bio"lms.

3.2. Hyphal colonization depends on B. subtilis bio!lm matrix components,
EPS and TasA

Bio"lm formation of B. subtilis depends on various secreted compo-
nents, including EPS, TasA and BslA. The transcription of these operons
involved in the production of matrix is indirectly dependent on Spo0A.
Therefore, we have tested how single deletion of eps operon, tasA or bslA
genes impacts fungal colonization by B. subtilis. Unlike the bslA mutant,
removal of either EPS or TasA hindered the bacterial bio"lm develop-
ment on the hyphae of A. niger (Fig. 2A–C). This suggests that both core
components of the matrix, EPS and TasA contribute to establishment of
stable bio"lm on the mycelia, while the hydrophobin BslA is not neces-
sary for stable attachment. In accordance, previous studies found that
BslA is not essential for the establishment of !oating pellicle bio"lm of
B. subtilis, but is required for its repellency and the microstructure of
colonies [12,13,17,18]. Finally, gene deletion in the !agellin coding gene
was assayed for bio"lm establishment during mycelia colonization.
Although motility is not essential for generation of bio"lms, it has been
described to be critical for fast formation of B. subtilis bio"lm [23]. Cells
lacking single cell motility could colonize the hyphae of A. niger (Fig. 2D),
similar to the wild type strain (Fig. 1A). The importance of bacterial
!agella and type 4 pili was previously described during co-migration of
Burkholderia terrae with fungal hyphae through soil [24], suggesting that
essentiality of bacterial motility for fungal interaction could depend on
the environment, bacterial physiology or speci"c properties of the fungal
and bacterial cell surfaces. In addition, other examples highlight that
fungal hyphae could facilitate bacterial swimming along the hyphae and
therefore niche colonization [25,26]. In our simple laboratory system,
the bacterium-fungus co-cultures are mildly agitated, which allows "rm
contact of the bacterial cells and the mycelia. Under these conditions,
motility is plausibly not essential.

3.3. Secreted bio!lm matrix components are shared among mutants

To complement the mutations and lack of bio"lm formation ability of

Fig. 4. Attachment of B. subtilis on A. bisporus hyphae. B. subtilis wild type (A)
and its corresponding mutants were co-cultivated with A. bisporus macro-
colonies. Fungal macro-colonies were subsequently washed and visualized
with CLSM. The images were recorded at the edge of the fungal macro-colonies.
GFC: green !uorescent channel. Scale bars represent 20 !m. The images pre-
sented are representative examples selected from different positions of the
fungal macro-colonies on independent samples repeated on different days. (For
interpretation of the references to color in this "gure legend, the reader is
referred to the Web version of this article.)
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the bacterial strains on the hyphae of A. niger, various co-cultivations
were tested. De!ciency in EPS or TasA production was complemented
either by co-cultivation of mutant strains together or by addition of the
wild type strain to bio!lm matrix mutant B. subtilis, irrespective of
"uorescent labeling (Fig. 3). Previous studies demonstrated that secreted
bio!lm matrix components complement pellicle bio!lm formation [20,
27] as well as plant colonization [10,11]. Notably, mixing eps and tasA
mutant B. subtilis strains results in genetic division of labor, thus
increased population productivity both during pellicle bio!lm formation

at the air-liquid interface and during plant root colonization [11,28].

3.4. Bio!lm formation of B. subtilis on the basidiomycete mycelia

The above described simple co-culture system comprises a bacterium,
B. subtilis and an Ascomycota fungus, A. niger that can be both isolated
from soil, however, their co-occurrence in nature has never been reported
according to our knowledge. Therefore, we examined fungus-attached
bio!lm formation by B. subtilis on a more ecologically relevant host. In

Fig. 5. Attachment of mixed-culture B. subtilis strains
to A. bisporus hyphae. Overnight cultures of different
B. subtilis strains were mixed and co-cultivated with
A. bisporus macro-colonies. Fungal macro-colonies
were subsequently washed and visualized with
CLSM; pictures were taken approximately near the
edge of the macro-colonies. GFC: green "uorescent
channel; RFC: red "uorescent channel. Scale bars
represent 20 !m. The images presented are represen-
tative examples selected from different positions on
independent samples. (For interpretation of the ref-
erences to color in this !gure legend, the reader is
referred to the Web version of this article.)
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vitro laboratory experiments suggest that B. subtilis cells can colonize the
hyphae of the ectomycorrhizal fungus, L. bicolor [3] and the basidio-
mycete Coprinopsis cinerea [29]. In addition, B. subtilis has been isolated
from the soil directly underneath a troop of growing Paxillus involutus
mushrooms [30] and below an Agaricus sp. fruiting body (Kiesewalter
and Kov!acs, unpublished observation). Therefore, we set out to examine
the importance of bio!lm matrix components during mycelia coloniza-
tion of button mushroom, A. bisporus. In agreement with the above ob-
servations on A. niger from this study, hyphal bio!lm formation by
B. subtilis was diminished by deletion of spo0A, epsA-O, or tasA genes,
while removal of bslA or hag genes did not impact colonization properties
(Fig. 4).

Further, complementation of the matrix mutants, eps and tasA strains
was performed using a co-culture of the mutants or by addition of wild
type to the mutants (Fig. 5). The experiments with the basidiomycete,
A. bisporus strengthens the observation that fungal hyphae colonization
and bio!lm formation by B. subtilis depends on secreted bio!lm com-
ponents. This suggest that production of a matrix by bio!lm-pro!cient
bacterial species in nature could potentially facilitate the establishment
of multi-species bio!lms on fungal hyphae. Indeed, the presence of bio-
!lmmatrix and extracellular DNA has been demonstrated for a numerous
bacterial species during colonization of ectomycorrhizal fungi, including
L. bicolor [3]. Our genetic approach further supports the importance of
bacterial bio!lm matrix production during long term colonization of
fungal mycelia.

4. Conclusion

Bacterial bio!lms in the laboratory have been mostly studied using
inert substrates, however, during infections or in the environment, bac-
teria also interact with eukaryotes, including their hosts (from humans
and animals to plants) or the co-habitants of their milieu. Here, we
demonstrate that bio!lmmatrix components of B. subtilis are essential for
colonization of the hyphae of A. niger and A. bisporus. In addition, the
secretion of these matrix components is suf!cient to rescue bio!lm for-
mation of matrix de!cient strains suggesting that social interaction likely
shapes the co-evolution of fungi and bacteria in the environment. This
leads to the appearance of speci!c interactions, including primary
metabolite cross-feeding, molecular recognition, and potential induction
of secondary metabolite production.
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A B S T R A C T

Secondary metabolites have an important impact on the biocontrol potential of soil-derived microbes. In addition,
various microbe-produced chemicals have been suggested to impact the development and phenotypic differen-
tiation of bacteria, including bio!lms. The non-ribosomal synthesized lipopeptide of Bacillus subtilis, surfactin, has
been described to impact the plant promoting capacity of the bacterium. Here, we investigated the impact of
surfactin production on bio!lm formation of B. subtilis using the laboratory model systems; pellicle formation at
the air-medium interface and architecturally complex colony development, in addition to plant root-associated
bio!lms. We found that the production of surfactin by B. subtilis is not essential for pellicle bio!lm formation
neither in the well-studied strain, NCIB 3610, nor in the newly isolated environmental strains, but lack of surfactin
reduces colony expansion. Further, plant root colonization was comparable both in the presence or absence of
surfactin synthesis. Our results suggest that surfactin-related biocontrol and plant promotion in B. subtilis strains
are independent of bio!lm formation.

1. Introduction

Several species from the “Bacillus subtilis complex” are well-
characterized plant growth-promoting rhizobacteria (PGPRs),
providing various bene!cial activities for plants and inhibiting fungal
and bacterial pathogens [1]. Many strains of Bacillus subtilis, Bacillus
amyloliquefaciens and Bacillus velezensis are currently used in organic and
traditional agriculture to prevent infection and/or increase yields of
various crops [2–4]. These species are of particular interest because they
can form stress-resistant endospores, a cell-type ideal for product
formulation. Most PGPR Bacillus spp. also produce a wide range of
bioactive molecules, such as lipopeptides, which directly in"uences plant
growth and defense [5].

Many of these molecules are synthesized by multienzyme-complexes
called non-ribosomal peptide synthetases (NRPS) [6]. B. subtilis NCIB
3610 possesses 3 NRPS clusters and one NRPS/polyketide synthetase

(PKS) cluster, which is few compared to the bioactive molecule synthesis
capacity of B. velezensis strains [1]. Bacillaene, a broad-spectrum anti-
biotic, is synthesized by proteins encoded in 80 kB pksA-S cluster [7]. The
ppsA-E encodes for the peptide synthetase responsible for the synthesis of
plipastatin (fengycin family), a strong antifungal molecule [5,8], while
the siderophore bacillibactin is synthesized by the product of the dhbA-F
operon [9]. Finally, SrfAA-AD produces versatile molecules from the
surfactin family [10].

Surfactin molecules are composed of a heptapeptide, i.e. two acidic
and !ve nonpolar amino acids, interlinked with a !-hydroxy fatty acid,
and condensed in a cyclic lactone right structure [10,11]. The amino acid
sequence, the length, and the branching of the fatty acid moiety can vary
in surfactin molecules produced by different Bacillus species, strains
and/or growth conditions [12]. For example, on tomato roots
B. amyloliquefaciens S499 produces surfactin variants with C12, C13, C14
and C15 acyl chains, the last two composing more than 80% of total

* Corresponding author.
** Corresponding author.

E-mail addresses: atkovacs@dtu.dk (!A.T. Kov!acs), Pascale.B.Beauregard@USherbrooke.ca (P.B. Beauregard).
1 Co-!rst authors.

Contents lists available at ScienceDirect

Bio!lm

journal homepage: www.elsevier.com/locate/bioflm

https://doi.org/10.1016/j.bio"m.2020.100021
Received 4 December 2019; Received in revised form 11 February 2020; Accepted 17 February 2020
Available online 20 March 2020
2590-2075/© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

Bio!lm 2 (2020) 100021

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

surfactins produced in these conditions [13]. Surfactin, as its name
suggests, is an extremely powerful biosurfactant, and thus helps bacteria
moving on solid surface [6,14–18]. These molecules are abundantly
produced when B. subtilis colonizes plant roots, and they elicit the induce
systemic resistance in plants [19–22].

A strong link between bio!lm formation and surfactin production was
suggested for different Bacillus species. Mutations in the surfactin syn-
thesis operon were reported to cause partial to severe bio!lm defect in
B. velezensis FZB42 and B. amyloliquefaciens UMAF6614 [23,24].
Non-surfactin producer strains of UMAF6614 were also impaired in
phylloplane colonization [25]. Under speci!c laboratory growth condi-
tions (i.e. exponentially growing cells inoculated into lysogeny broth
medium), surfactin was shown to trigger bio!lm formation in B. subtilis
via a pore-forming activity, which causes intracellular potassium leakage
sensed by KinC that in turns activate the genetic pathway responsible for
bio!lm formation [26]. This “quorum-sensing like” activity was
demonstrated in the model strain NCIB3610. Similarly to reports in
B. velezensis and B. amyloliquefaciens, a surfactin deletion mutant of
B. subtilis 6051 was shown to be defective for bio!lm formation and root
colonization [19]. However, a different study showed that bio!lms
formed by B. subtilis tomato rhizoplane isolates had comparable dry
weight among wild-type and surfactin mutants [27]. Finally, deletion of
sfp, which is known to be involved in the production of surfactin since it
encodes for a 40phosphopantetheinyl transferase that activates the pep-
tidyl carrier protein domains from the NRPS machinery, impairs bio!lm
formation in B. subtilis 3610 [28]. Since sfp mutation is defective for the
synthesis of all NRP-derived molecules (surfactin, bacillibactin, plipas-
tatin and bacillaene), this impair in bio!lm formation could be due to a
defect in other biosynthetic pathways than surfactin [14]. These con-
"icting reports and recent results in our laboratories lead us to revisit the
importance of surfactin for bio!lm formation of B. subtilis in vitro and on
planta.

2. Material and methods

2.1. Strains, media, and chemicals

Strains used in the study are listed in Table S1. For routine growth,
cells were propagated on lysogeny broth (LB; Luria-Bertani or Lenox
broth) medium. When necessary, antibiotics were used at the following
concentrations: MLS (1 !g mL!1 erythromycin, 25 !g mL!1 lincomycin);
spectinomycin (100 !g mL!1); chloramphenicol (5 !g mL!1) and kana-
mycin (10 !g mL!1). New B. subtilis isolates were obtained from 5 sam-
pling sites in Germany and Denmark (see Table S1 for coordinates) by
selecting for spore formers in the soil. Soil samples were mixed with 0.9%
saline solution, vortexed on a rotary shaker for 2 min, incubated at 80 "C
for 25 min and serially diluted on LB medium solidi!ed with 1.5% agar
[29]. Highly structured colonies were targeted and isolation of B. subtilis
strains was con!rmed using 16S sequencing followed by whole genome
[30]. These new isolates are all naturally competent allowing easy ge-
netic modi!cation using standard protocol for B. subtilis [31]. New iso-
lates and their srfAC::spec derivatives (srfAC::specmarker was transferred
from DS1122 [32]) were labeled with constitutively expressed gfp from
Phyperspank using phyGFP plasmids that integrates into the amyE locus
[33].

All solvents used for HRMS and chromatography were VWR Chem-
icals LC-MS grade, while for metabolites extraction the solvents were
HPLC grade (VWR Chemicals). Surfactin standard was purchased from
Sigma-Aldrich (Cat. No. S3523).

2.2. Culture conditions

For pellicles assays, cells were pre-grown for 2 h and diluted 1:100 in
3 mL LB 3 times, and at the last incubation cells were grown until they
reach an OD600 between 0.3 and 0.6. OD600 was then adjusted at 0.3 with
LB, and 13.5 !L were used to inoculate 1 mL of medium in a 24-well

plates. Media used for these experiments were MSgg [28] and MSNc #
Pectin (MSN: 5 mM Potassium phosphate buffer pH7, 0.1 MMops pH7, 2
mM MgCl2, 0.05 mM MnCl2, 1 !M ZnCl2, 2 !M thiamine, 700 !M CaCl2,
0.2% NH4Cl; 0,5% cellobiose and 0,5% pectin (Sigma)). Incubation was
done at 30 "C. For pellicle assays of recent B. subtilis soil isolates and its
mutant derivatives, three to four colonies were inoculated in 3 mL LB and
incubated at 37 "C with shaking at 225 rpm for 4 h. The OD600 was
adjusted to 1.5 and 1% inoculum of the pre-grown culture was used to
seed bacterial bio!lms in MSgg [28] or MOLP [34] medium at 30 "C. For
colony bio!lms, one colony was inoculated in 3 mL LB and rolled for 3 h
at 37 "C. The culture was adjusted to an OD600 of 1, then 2 !L were
spotted on solidi!ed (1.5% agar) MSgg medium.

Col-0 A. thaliana ecotype (subspecies) was used throughout the study.
For Fig. 3, seeds were surface-sterilized with 70% ethanol followed by
0.3% sodium hypochlorite (v/v) and germinated on Murashige and
Skoog medium (Sigma) containing 0.7% agar and 0.05% glucose in a
growth chamber at 25 "C. Root colonization assays were performed using
MSNg (MSN supplemented with 0.05% glycerol) as described in
Ref. [35]. For Fig. 4, Arabidopsis seeds were surface sterilized using 2%
(v/v) sodium hypochlorite with mixing on an orbital shaker for 20 min
and then washed !ve times with sterile distilled water. The seeds were
placed on pre-dried Murashige and Skoog (MS) basal salts mixture (2.2 g
L!1, Sigma) containing 1% agar in an arrangement of approximately 20
seeds per plate at a minimum distance of 1 cm. After 3 days of incubation
at 4 "C, plates were placed at an angle of 65" in a plant chamber (con-
taining !ve Narva LT 30W T8/865 cool daylight COLOURLUX plus on
each shelf) with a light regime of 16 h light (24 "C)/8 h dark (21 "C).
After 6 days, homogenous seedlings ranging 0.8–1.2 cm in length were
selected for root colonization assay. Seedlings were transferred into
48-well plates containing 270 !L of MSNg medium [35] per well. The
wells were supplemented with 30 !L of exponentially growing bacterial
culture diluted to OD600 $ 0.2. The sealed plates were incubated at a
rotary shaker (90 rpm) at 30 "C for 18 h. After the incubation, plants were
washed three times with MSNg to remove non-attaching cells and then
transferred to a glass slide for imaging using CLSM.

2.3. Beta-galactosidase assays

From pellicle bio!lm assays, spent medium was cautiously removed
from the wells. The pellicle was then collected in 1mL of Z-buffer (40mM
NaHPO4; 60 mMNa2HPO4; 1 mMMgSO4; 10 mM KCl) and transferred in
a 1.5 mL tube. The suspensions were sonicated with 1 s pulses (30%
power) for 10 s total to break the bio!lms, and OD600 was measured.
Then, 2-mercaptoethanol (!nal concentration of 38 mM) and freshly
prepared lysozyme in Z-buffer (!nal concentration of 20 !g mL!1) were
added. Suspensions were incubated for 30 min at 30 "C, diluted and 100
!L of an ONPG solution (4 mg mL!1 in Z-buffer with 38 mM of 2-mercap-
toethanol) were added. 250 !L of Na2CO3 1 M were added when solu-
tions started turning yellow, and the reaction time was recorded. The
A420nm and OD550nm were measured for each solution, and the Miller
Units were calculated using: Miller Units $ 1000 x [(A420nm - 1.75 x
OD550nm)]/(Tmin x Vml x OD600).

2.4. Microscopy

To visualize bacteria on root surfaces for Fig. 3, seedlings were
examined with a Zeiss Axio Observer Z1 microscope equipped with a
20X/0.8 Plan-Apochromat objective, and whole root pictures were taken
with a Zeiss Axiocam 506 mono. Fig. 3A presents representative images
of the various mutants and times of colonization. The "uorescence signal
was detected using a YFP !lter (ex: 500/20, em: 535/30) and a CFP !lter
for auto"uorescence of the root (ex: 436/20, em: 480/40). All images
were taken at the same exposure time, processed identically for
compared image sets, and prepared for presentation using Zeiss Zen 2.0
software. Each image is representative of at least 12 root colonization
assays performed in three independent experiments. Quanti!cation was
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performed using CellPro!ler 3.0 (cellpro!ler.org) [36].
For Fig. 4., the washed plant roots were transferred to microscope

slides and gently sealed with cover slips. Plant root colonization was
analysed with a confocal laser scanning microscope (TCS SP8 (Leica)
equipped with an argon laser and a Plan-Apochromat 63x/1.4 Oil
objective). Fluorescent reporter excitation was performed at 488 nm for
green "uorescence, while the emitted "uorescence was recorded at 520/
23 nm. Single-layer images were acquired and processed with the soft-
ware ImageJ (National Institutes of Health). Each image is representative
of 2 root colonization assays performed in two independent experiments.

2.5. Chemical extraction of secondary metabolites from bacterial cultures

Bacterial strains were cultured on MSgg agar plates for 3 days at 30
!C. An agar plug (6 mm diameter) of each bacterial cultures was trans-
ferred to a vial and extracted with 1 mL of isopropanol:ethyl acetate (1:3,
v/v) with 1% formic acid. The vials were placed in an ultrasonic bath at
full effect for 60 min. Extracts were then transferred to new vials,
evaporated to dryness under N2, and re-dissolved in 300 !L of methanol
for further sonication over 15 min. After centrifugation at 13,400 rpm for
3 min, the supernatants were transferred to new vials and subjected to
ultrahigh-performance liquid chromatography-high resolution mass
spectrometry (UHPLC-HRMS) analysis.

2.6. UHPLC-HRMS analysis

UHPLC-HRMS was performed on an Agilent In!nity 1290 UHPLC
system equipped with a diode array detector. UV–visible spectra were
recorded from 190 to 640 nm. Liquid chromatography of 1 !L extract was
performed using an Agilent Poroshell 120 phenyl-hexyl column (2.1 "
150 mm, 2.7 !m) at 60 !C with acetonitrile and H2O, both buffered with
20 mM formic acid, as mobile phases. Initially, a linear gradient of 10%
acetonitrile in H2O to 100% acetonitrile over 15 min was employed,
followed by isocratic elution of 100% acetonitrile for 2 min. The gradient
was returned to 10% acetonitrile in H2O in 0.1 min, and !nally isocratic
condition of 10% acetonitrile in H2O for 2.9 min, all at a "ow rate of 0.35
mL/min. MS detection was performed in positive ionization on an Agi-
lent 6545 QTOF MS equipped with an Agilent Dual Jet Stream electro-
spray ion source with a drying gas temperature of 250 !C, drying gas "ow
of 8 L/min, sheath gas temperature of 300 !C, and sheath gas"ow of 12 L/
min. Capillary voltage was set to 4000 V and nozzle voltage to 500 V. MS
data processing and analysis were performed using Agilent MassHunter
Qualitative Analysis B.07.00.

2.7. Genome re-sequencing

Genomic DNA of 3610, SSB46 and MT529 were isolated using Bac-
terial and Yeast Genomic DNA kit (EURx). Re-sequencing was performed
on an Illumina NextSeq instrument using V2 sequencing chemistry (2 "
150 nt). Base-calling was carried out with “bcl2fastq” software
(v.2.17.1.14, Illumina). Paired-end reads were further analysed in CLC
Genomics Workbench Tool 9.5.1. Reads were quality-trimmed using an
error probability of 0.05 (Q13) as the threshold. Reads that displayed
#80% similarity to the reference over #80% of their read lengths were
used in mapping. Quality-based SNP and small In/Del variant calling was
carried out requiring#10" read coverage with#25% variant frequency.
Only variants supported by good quality bases (Q # 30) on both strands
were considered.

3. Results

3.1. Absence of surfactin has no effect on pellicle formation of NCIB 3610

To assess the importance of surfactin production for bio!lm devel-
opment, pellicle formation, a bio!lm on the air-medium interface was
!rst examine in liquid bio!lm-inducing medium, i.e. MSgg and MSNc $

pectin. MSgg induces bio!lm formation via iron availability and gluta-
mate, while pectin, a plant-derived polysaccharide, is the main envi-
ronmental cue inducing bio!lm formation in MSNc $ pectin [35]. Since
both media present different cues for the bacterial cells, and that pectin
was shown to strongly induce surfactin production [37], importance of
this molecule for bio!lm formation could vary according to the medium
used. As shown in Fig. 1A, deletion of srfAA, and consequently absence of
surfactin, does not visibly affect pellicle formation in either liquid media.
Similarly, a strain deleted for sfp, which is defective for synthesis of all
NRPS-derived molecules, is also able to form pellicle in both media.

Importantly, the 3610 srfAA deletion strain used here was newly
created (harbouring a kanamycin resistant gene) and did not match the
pellicle formation phenotype of the originally published laboratory stock,
3610 srfAA::erm (SSB46 [28]), the latter showing an important delay in
pellicle formation (Fig. S1). When the srfAA::erm marker was
re-introduced into 3610 by SPP1 phage transduction, the newly obtained
srfAA::erm strain (MT529) displayed comparable pellicle development to
3610 and srfAA::kan strains. Consequently, the genomes of 3610, SSB46,
and the newly created MT529 strains were re-sequenced. In addition to
the srfAA::erm mutation, SSB46 strain contained six point mutations that
did not exist in the ancestral 3610 or the re-created MT529 strain (see
Table S2). However, deletion mutants of the SNP harbouring genes
combined with srfAA::kan did not recapitulate the important defect
observed with SSB46 strain (Fig. S1), suggesting that the mutation
causing the defect is not a loss-of-function or that certain combination of
SNPs are responsible for the observed phenotype of SSB46 strain.

Importance of surfactin and sfp for activation of the two main operons
involved in biosynthesis of the extracellular matrix, i.e. tapA-sipW-tasA
and epsA-O, was further examined using transcriptional lacZ fusions. As
shown in Fig. 1B and D, absence of surfactin or deletion of sfp have little
to no effect on tapA transcription, and slightly decreases epsA-O tran-
scription in MSgg. In MSNc pectin, absence of surfactin actually increases
tapA and epsA-O transcription (Fig. 1C), which also correlates with the
more vigorous aspect of pellicles (see Fig. 1A). In the same medium,
absence of sfp impairs transcription of both bio!lm operons. In summary,
in liquid media srfAA or sfp deletion has only mild impacts on pellicle
bio!lm formation in B. subtilis 3610.

3.2. Deletion of sfp and srfAA alters colony structure

Bio!lm strength can also be evaluated using the complex architecture
of colony bio!lms growing on solid bio!lm-inducing media. Since sur-
factin is a biosurfactant [17,38], its absence might in"uence colony
expansion [17]. Indeed, as shown in Fig. 2A, colonies of srfAA show less
spreading on solid MSgg and MSNc pectin, but are still very wrinkly.
These wrinkles are likely composed mostly of proteinaceous (TasA) !-
bres, since expression of Peps is drastically reduced by absence of sur-
factin, while PtapA is not affected (Fig. 2B). Interestingly, the sfp mutant
produces small, "at colonies in both media. This strain also has signi!-
cantly reduced LacZ activity for both bio!lm reporters (PtapA and Peps)
and media, which correspond to the "at phenotype of the colonies. While
calculation of the miller units includes normalization for cell number
(OD600), this lack of bio!lm gene expression could also be attributable to
lack of cell growth and incapacity to reach the cell density required for
bio!lm formation.

Colony morphology results on solid media clearly show that srfAA
and sfp deletion lead to phenotypes, indicating that in the latter absence
of other molecule(s) synthesized via NRP machinery also impacts bio!lm
formation. Thus, we examined deletion mutants for bacillibactin (dhbA-
F), plipastatin (ppsB) and bacillaene (pksL) (Fig. S2). The mutant defec-
tive for B. subtilis siderophore bacillibactin showed small, almost
featureless colonies on both media, suggesting an important role for iron-
acquisition molecules in this process. The double srfAA dhbA-F deletion
recapitulated the sfp phenotype, suggesting that on solid media, both
molecules are required for robust bio!lm formation.
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3.3. Surfactin is not required for root colonization by B. subtilis

In a natural environment, surfactin production is triggered by contact
with plant roots few hours before bio!lm formation [37]. Thus, we
evaluated the importance of surfactin for root colonization of A. thaliana
seedlings, using the system described in Ref. [35]. B. subtilis root

colonization was monitored using a PtapA-yfp reporter, allowing us to
identify cells actively forming a bio!lm on roots. Since absence of sur-
factin might only delay, instead of inhibit, root colonization, different
time points after inoculation were examined. As shown in Fig. 3A, there
was no apparent difference in the root colonization patterns and capac-
ities of WT and srfAA cells. We validated these observations by imaging

Fig. 1. Pellicle formation is mildly affected by srfAA or sfp deletion. (A) Top-down view of pellicle assay in which the indicated mutants were incubated for 24 h at 30
!C in MSgg or in MSNc " pectin. Results are representative of three experiments. (B–D) !-galactosidase activities of WT (3610), srfAA or sfp mutant harbouring the
PtapA-lacZ reporter (B and C) or the Peps-lacZ reporter (D and E). Cells were grown in standing MSgg (B and D) or MSNc " pectin (C and E) pellicles for 20 h. Values
represent the mean of !ve technical replicates, and the experiments are representative of at least three independent biological replicates. Error bars represent standard
deviation, and letters represent # P !0.05.

Fig. 2. srfAA or sfp in"uences colony formation. (A) Top-down view of colonies incubated for 72 h at 30 !C on solid MSgg or MSNc " pectin. Results are representative
of three experiments. Scale bar are 5 mm. (B–D) !-galactosidase activities of WT (3610), srfAA or sfp mutant harbouring the PtapA-lacZ reporter (B and C) or the Peps-
lacZ reporter (D and E). Cells were grown on solid MSgg (B and D) or MSNc " pectin (C and E) for 20 h. Values represent the mean of six technical replicates, and the
experiments are representative of at least three independent biological replicates. Error bars represent standard deviation, and letters represent # P !0.05.
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whole roots and determining the ratio of YFP expression/root area,
which gives us a quantitative measurement of colonization. Indeed, while
colonization somewhat varied from one seedling to another, overall there
was no signi!cant difference between WT and srfAA root colonization at
any time points.

3.4. Surfactin is dispensable for pellicle and plant-associated bio!lm
formation in recent soil B. subtilis isolates

To address the generality of lack of surfactin production on pellicle
formation ability, we tested pellicle bio!lm development of 6 newly
isolated B. subtilis strains recovered from soil samples. As the essentiality
of surfactin production for pellicle development has been demonstrated
on MOLP medium for B. amyloliquefaciens (previously identi!ed as
B. subtilis) UMAF6614 [24], pellicle formation was followed both on
MSgg and MOLP liquid media that revealed no observable difference
between wild-type and their surfactin mutant derivatives (Fig. 4).
Additionally, plant colonization was indistinguishable between the
wild-type and srfAC::spec strains (Fig. 4). Finally, to demonstrate the
surfactin production ability of these new B. subtilis strains, the isolates
were inoculated to MSgg medium and UHPLC-HRMS analysis was per-
formed on isopropanol:ethyl acetate extracts of the agar medium below
the colonies. Chemical analysis of the extract along with a standard
demonstrated that each and every isolates produced surfactin, but not
their srfAC::spec derivatives (Fig. S3).

4. Discussion

The promiscuous role of secondary metabolites to function as info
chemicals has been previously proposed [39–41]. The B. subtilis produced
surfactin has been reported to lead to induction of bio!lm development

under non-bio!lm inducing conditions [26]. Our results highlight that
under bio!lm inducing conditions, on liquid or solid bio!lm-promoting
MSgg and MSNg media, bio!lm development of B. subtilis 3610 and
other newly isolated strains does not require surfactin. Production of
both matrix components actually appeared more ef!cient in MSNc pectin
in absence of surfactin, which could be due to the metabolic burden of
producing an important NRP [42,43]. In solid media, srfAA and sfp mu-
tants display strikingly different phenotypes than WT. In both cases,
colony diameter is smaller, stressing the need for surfactin to disperse on
a surface [17,18]. Intriguingly, absence of surfactin had a stronger impact
on eps than on tapA transcription, suggesting that surfactin and/or colony
spreading might be involved in regulating exopolysaccharides produc-
tion on solid surface. This regulation would be independent from SinR
and AbrB, which act identically on both operons [44].

Similarly to pellicle bio!lm formation in liquid media, various srfA
mutants colonize plant roots with an ef!cacy identical to WT cells. Sur-
factin production is stimulated by plant polysaccharides such as pectin, as
is bio!lm formation [35,37]. Thus, our observations suggest that while
surfactin production precedes bio!lm formation upon contact between
cells and roots, both processes are somewhat independent. They also
would have independent roles; bio!lms favouring root attachment and
surfactin production, triggering the induced systemic resistance.

Our results show that for B. subtilis, surfactin production is not
required for robust bio!lm formation, which is in contradiction with
many reports for surfactin requirement in various Bacilli [23,24,45]. In
many of these reports however, the species or the strain examined also
produce an iturin, bacillomycin, which is not the case for B. subtilis 3610
or the newly isolated B. subtilis strains [30]. Of note, Luo et al. showed
that a srf mutant of Bacillus spp. 916 produces weaker pellicles in liquid
medium, and "at colonies on solid MSgg. However, in this case deletion
of srf also strongly impairs production of bacillomycin L, which is also

Fig. 3. Surfactin is not required for root colonization. (A) 3610 cells harbouring PtapA-yfp co-incubated with A. thaliana seedlings and imaged at 8, 16 and 24 h post-
inoculation. Shown are overlays of "uorescence (false-colored green for YFP, and blue for CFP !lter – which represents the auto"uorescence of roots). Pictures are
representative of 12 independent roots. Scale bar is 100 !m for all images. (B) The entire root was imaged at 20x, and numbers of "uorescent pixels was counted and
then divided by the root’s area (also measured in pixel), allowing quanti!cation of bio!lm-forming cells present on the root. For each strain, the bar represents
themean and standard deviation of at least four technical replicates; experiment is representative of three independent biological replicates. There was no statistical
difference between 3610 and srfAA in the various conditions. (For interpretation of the references to color in this !gure legend, the reader is referred to the Web
version of this article.)
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required for strong bio!lm establishment and rice leaves colonization by
Bacillus spp. 916 [45]. Thus, requirement of surfactin for bio!lm forma-
tion and plant colonization is likely species- or strain-speci!c in Bacillus,
and might depend on the presence of iturin production in these strains.
Nevertheless, the importance of surfactin production by PGPR strains of
Bacilli is primarily for the anti-microbial potential and systemic resis-
tance induction by this multi-functional secondary metabolite.
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SUPPLEMENTAL MATERIAL 

 
Table S1. Bacterial strains used in this study 
 

Strains Characteristics Reference 
NCIB3610 WT/Undomesticated strain Lab stock 

DS3337 3610 sfp::mls (1) 

DS1122 3610 srfAC::Tn10 (SpecR) (2) 

DS4085 3610 ∆pksL (ChlR) (3) 

DS4114 3610 ∆ppsC (TetR) (3) 

MB8_B1 B. subtilis soil isolate from sampling site 55.843861, 12.424770 (4) 

MB8_B7 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB8_B10 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB9_B1 B. subtilis soil isolate from sampling site 55.843861, 12.424770 (4) 

MB9_B4 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB9_B6 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB11_B1 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB12_B1 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB12_B3 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

MB12_B4 B. subtilis soil isolate from sampling site 55.843861, 12.424770 This study 

P5_B1 B. subtilis soil isolate from sampling site 55.788800, 12.558300 (4) 

P5_B2 B. subtilis soil isolate from sampling site 55.788800, 12.558300 This study 

P8_B1 B. subtilis soil isolate from sampling site 55.795200, 12.580600 (4) 

P8_B2 B. licheniformis soil isolate from sampling site 55.795200, 12.580600 This study 

P8_B3 B. subtilis soil isolate from sampling site 55.795200, 12.580600 This study 

P9_B1 B. subtilis soil isolate from sampling site 55.791200, 12.575100 (4) 

23 B. subtilis soil isolate from sampling site 50.718551, 10.951691 This study 

38 B. subtilis soil isolate from sampling site 50.731996, 10.914328  This study 

39 B. subtilis soil isolate from sampling site 50.731996, 10.914328  This study 

64 B. subtilis soil isolate from sampling site 50.729170, 10.924770  This study 

72 B. subtilis soil isolate from sampling site 50.725876, 10.916218 This study 

73 B. subtilis soil isolate from sampling site 50.725876, 10.916218 This study 

75 B. subtilis soil isolate from sampling site 50.725876, 10.916218 (4) 

77 B. subtilis soil isolate from sampling site 50.725876, 10.916218 This study 

DTUB44 MB8_B1 sfp::mls This study 

DTUB45 MB8_B7 sfp::mls This study 

DTUB46 MB8_B10 sfp::mls This study 

DTUB47 MB9_B1 sfp::mls This study 

DTUB48 MB9_B4 sfp::mls This study 

DTUB49 MB9_B6 sfp::mls This study 

DTUB50 MB11_B1 sfp::mls This study 

DTUB51 MB12_B1 sfp::mls This study 

DTUB52 MB12_B3 sfp::mls This study 

DTUB53 MB12_B4 sfp::mls This study 

DTUB55 P5_B1 sfp::mls This study 

DTUB56 P5_B2 sfp::mls This study 

DTUB57 P8_B1 sfp::mls This study 

DTUB58 P8_B3 sfp::mls This study 

DTUB59 P9_B1 sfp::mls This study 

DTUB60 23 amyE::Phyperspank-gfp (ChlR); sfp::mls This study 

DTUB61 38 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 

DTUB62 39 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
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DTUB63 64 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
DTUB64 72 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
DTUB65 73 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
DTUB66 75 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
DTUB67 77 amyE::Phyperspank-gfp (ChlR); sfp:: mls This study 
DTUB68 MB8_B1 srfAC::Tn10 (SpecR) (4) 
DTUB69 MB8_B7 srfAC::Tn10 (SpecR) This study 
DTUB70 MB8_B10 srfAC::Tn10 (SpecR) This study 
DTUB71 MB9_B1 srfAC::Tn10 (SpecR) (4) 
DTUB72 MB9_B4 srfAC::Tn10 (SpecR) This study 
DTUB73 MB9_B6 srfAC::Tn10 (SpecR) This study 
DTUB74 MB11_B1 srfAC::Tn10 (SpecR) This study 
DTUB75 MB12_B1 srfAC::Tn10 (SpecR) This study 
DTUB76 MB12_B3 srfAC::Tn10 (SpecR) This study 
DTUB77 MB12_B4 srfAC::Tn10 (SpecR) This study 
DTUB79 P5_B1 srfAC::Tn10 (SpecR) (4) 
DTUB80 P8_B1 srfAC::Tn10 (SpecR) (4) 
DTUB81 P8_B3 srfAC::Tn10 (SpecR) This study 
DTUB82 P9_B1 srfAC::Tn10 (SpecR) (4) 
DTUB83 23 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB84 38 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB85 39 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB86 64 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB87 72 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB88 73 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB89 75 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) (4) 
DTUB90 77 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR) This study 
DTUB91 MB8_B1 ∆pksL (ChlR) This study 
DTUB92 MB8_B7 ∆pksL (ChlR) This study 
DTUB93 MB8_B10 ∆pksL (ChlR) This study 
DTUB94 MB9_B1 ∆pksL (ChlR) This study 
DTUB95 MB9_B4 ∆pksL (ChlR) This study 
DTUB96 MB9_B6 ∆pksL (ChlR) This study 
DTUB97 MB11_B1 ∆pksL (ChlR) This study 
DTUB98 MB12_B1 ∆pksL (ChlR) This study 
DTUB99 MB12_B3 ∆pksL (ChlR) This study 

DTUB100 MB12_B4 ∆pksL (ChlR) This study 
DTUB102 P5_B1 ∆pksL (ChlR) This study 
DTUB103 P8_B1 ∆pksL (ChlR) This study 
DTUB104 P8_B3 ∆pksL (ChlR) This study 
DTUB105 P9_B1 ∆pksL (ChlR) This study 
DTUB106 23 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB107 38 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB108 39 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB109 64 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB110 72 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB111 73 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB112 75 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB113 77 amyE::Phyperspank-gfp (ChlR); ∆pksL (EryR) This study 
DTUB114 MB8_B1 ∆ppsC (TetR) This study 
DTUB115 MB8_B7 ∆ppsC (TetR) This study 
DTUB116 MB8_B10 ∆ppsC (TetR) This study 
DTUB117 MB9_B1 ∆ppsC (TetR) This study 
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DTUB118 MB9_B4 ∆ppsC (TetR) This study 
DTUB119 MB9_B6 ∆ppsC (TetR) This study 
DTUB120 MB11_B1 ∆ppsC (TetR) This study 
DTUB121 MB12_B1 ∆ppsC (TetR) This study 
DTUB122 MB12_B3 ∆ppsC (TetR) This study 
DTUB123 MB12_B4 ∆ppsC (TetR) This study 
DTUB125 P5_B1 ∆ppsC (TetR) This study 
DTUB126 P8_B1 ∆ppsC (TetR) This study 
DTUB127 P8_B3 ∆ppsC (TetR) This study 
DTUB128 P9_B1 ∆ppsC (TetR) This study 
DTUB129 23 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB130 38 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB131 39 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB132 64 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB133 72 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB134 73 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB135 75 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB136 77 amyE::Phyperspank-gfp (ChlR); ∆ppsC (TetR) This study 
DTUB142 MB8_B1 srfAC::Tn10 (SpecR); ∆ppsC (TetR) This study 
DTUB143 MB9_B1 srfAC::Tn10 (SpecR); ∆ppsC (TetR) This study 
DTUB144 P8_B1 srfAC::Tn10 (SpecR); ∆ppsC (TetR) This study 
DTUB145 75 amyE::Phyperspank-gfp (ChlR); srfAC::Tn10 (SpecR); ∆ppsC (TetR) This study 
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Table S2. Fungal strains used in this study 
 

Fungal species Isolation Source 
Fusarium oxysporum 
IBT 40872 

From surface of an equipment in a Danish 
factory, 2005, by Anne Svendsen 

IBT Culture Collection of Fungi, 
DTU 

Fusarium graminearum 
IBT 41925 

From malting barley, Schackenborg, 
Denmark, 2012, by Ulf Thrane 

IBT Culture Collection of Fungi, 
DTU 

Botrytis cinerea 
IBT 42565 

From indoor air in a Kitchen, Kongens 
Lyngby, Denmark, 2018, by Birgitte 
Andersen 

IBT Culture Collection of Fungi, 
DTU 

 
 
 

 
 
FIG S1 The three evaluation inhibition classes, minor inhibition and no inhibition in the 
screening against B. cinerea for each B. subtilis genotype. No picture symbolizing the absence 
of the specific observation in the genotype. Minor inhibition was assigned to screening results 
if the fungus was inhibited but thinner hyphae were growing towards the bacterial colony. 
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FIG S2 Antagonism assays between the plant pathogenic fungi F. oxysporum, F. graminearum 
and B. cinerea, and the B. subtilis soil isolates as well as their NRP deficient sfp mutants (left 
column), single NRP mutants (middle column) and surfactin-plipastatin double mutants (right 
columns). The antagonism assays with B. subtilis 3610 are shown below. Strains were spotted 
as shown in the schemes on PDA plates and incubated at 21-23°C for 6 days.  
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Fig S3 Extracted ion chromatograms (m/z 1000-1600) showing the presence of surfactin and 
plipastatin produced by recently isolated B. subtilis strains grown on PDB agar medium for 
three days. Surfactin was detected in strain MB9_B4 but its quantity is lower compared to 
other isolates. Plipastatin was not detectable in extracts of strains 73, MB9_B6 and P5_B2. 
The chromatograms of the PDA medium and the standards of surfactin and plipastatin are 
shown as the last 3 panels in the second column, respectively. Surfactins, iturins and fengycins 
are all in the m/z range 1000–1600 that can be detected by ESI–MS.  
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FIG S4 (A) Antagonism assays between Botrytis cinerea and B. subtilis wild types (upper left) 
as well as their srfAC (upper right), ∆ppsC (lower right) and srfAC-∆ppsC (lower left) mutants. 
(B) Antagonism assays between Botrytis cinerea and B. subtilis 3610 as well as its NRP 
mutants. Left plate: WT (upper left), srfAC (upper right), ∆ppsC (lower right) and ∆pksL(lower 
left). Right plate: WT (upper left), sfp (upper right), srfAC-∆ppsC (lower right) and srfAC-∆ppsC-
∆pksL (lower left). Strains were co-cultivated on PDA plates and incubated at 21-23°C for 6 
days. C. Extracted ion chromatograms (m/z 1000–1600) of B. subtilis mutants grown on PDA 
for 3 days. The chromatograms of the standards of surfactin and plipastatin and the PDA 
medium are shown below. 
 

 
 
FIG S5 (A) Strain MB9_B6 is harboring a point mutation (6224G>A), causing a point-nonsense 
mutation in the second domain of the ppsB gene due to an amino acid change from 
tryptophan to a termination codon (W2075X). (B) Point mutation in the comA gene of strain 
MB9_B4 (3G>A) causing a change of the translation initiating methionine. 
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Supporting Information 

Supporting information features the bacterial strains used in this study (Table S1), the 16S 

rRNA V3-V4 primer list (Table S2), the number of sequencing reads per sample (Table S3) and 

supporting figures (Figure S1-S4). 

 

Supporting Tables 
 
Table S1. Bacterial strains used in this study. 
 

Strains Characteristics Reference 
P5_B1 B. subtilis soil isolate from sampling site 55.788800, 12.558300 [1] 
DTUB55 P5_B1 sfp::mls [2] 
DTUB79 P5_B1 srfAC::Tn10 (SpecR) [1] 
DTUB102 P5_B1 ∆pksL (ChlR) [2] 
DTUB125 P5_B1 ∆ppsC (TetR) [2] 
M5 Lysinibacillus fusiformis [3] 
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Table S2. 16S rRNA V3-V4 primer used in this study 
 

Name Barcode Primer 
V3V4_forw_1 TTTTAATC CCTACGGGNGGCWGCAG 
V3V4_rev_1   TTTTAATC GACTACHVGGGTATCTAATCC 
V3V4_forw_2  ATAATTAG CCTACGGGNGGCWGCAG 
V3V4_rev_2   ATAATTAG GACTACHVGGGTATCTAATCC 
V3V4_forw_3  ACCAAATT CCTACGGGNGGCWGCAG 
V3V4_rev_3   ACCAAATT GACTACHVGGGTATCTAATCC 
V3V4_forw_4  CTTATCAA CCTACGGGNGGCWGCAG 
V3V4_rev_4   CTTATCAA GACTACHVGGGTATCTAATCC 
V3V4_forw_5  TGATCATT CCTACGGGNGGCWGCAG  
V3V4_rev_5   TGATCATT GACTACHVGGGTATCTAATCC 
V3V4_forw_6  AGAATCTA CCTACGGGNGGCWGCAG 
V3V4_rev_6   AGAATCTA GACTACHVGGGTATCTAATCC 
V3V4_forw_7  TCAAGAAA CCTACGGGNGGCWGCAG 
V3V4_rev_7   TCAAGAAA GACTACHVGGGTATCTAATCC 
V3V4_forw_8  ATCGAAAT CCTACGGGNGGCWGCAG 
V3V4_rev_8   ATCGAAAT GACTACHVGGGTATCTAATCC 
V3V4_forw_9 ACATTTAC CCTACGGGNGGCWGCAG 
V3V4_rev_9 ACATTTAC GACTACHVGGGTATCTAATCC 
V3V4_forw_10 TAGAAAAC CCTACGGGNGGCWGCAG 
V3V4_rev_10  TAGAAAAC GACTACHVGGGTATCTAATCC 
V3V4_forw_11 TTATCACC CCTACGGGNGGCWGCAG 
V3V4_rev_11  TTATCACC GACTACHVGGGTATCTAATCC 
V3V4_forw_12 AATAGGGT CCTACGGGNGGCWGCAG 
V3V4_rev_12 AATAGGGT GACTACHVGGGTATCTAATCC 
V3V4_forw_13 ATTGCTGA CCTACGGGNGGCWGCAG 
V3V4_rev_13 ATTGCTGA GACTACHVGGGTATCTAATCC 
V3V4_forw_14 TGAGTTCT CCTACGGGNGGCWGCAG 
V3V4_rev_14 TGAGTTCT GACTACHVGGGTATCTAATCC 
V3V4_forw_15 GGCTATTT CCTACGGGNGGCWGCAG 
V3V4_rev_15 GGCTATTT GACTACHVGGGTATCTAATCC 
V3V4_forw_16 CAAGAGAT CCTACGGGNGGCWGCAG 
V3V4_rev_16 CAAGAGAT GACTACHVGGGTATCTAATCC 
V3V4_forw_17 GGAATACA CCTACGGGNGGCWGCAG 
V3V4_rev_17 GGAATACA GACTACHVGGGTATCTAATCC 
V3V4_forw_18 AAGGCAAT CCTACGGGNGGCWGCAG 
V3V4_rev_18 AAGGCAAT GACTACHVGGGTATCTAATCC 
V3V4_forw_19 ACAAAACG CCTACGGGNGGCWGCAG 
V3V4_rev_19 ACAAAACG GACTACHVGGGTATCTAATCC 
V3V4_forw_21 TTGAGTGA CCTACGGGNGGCWGCAG 
V3V4_rev_21 TTGAGTGA GACTACHVGGGTATCTAATCC 
V3V4_forw_22   GCTTCTGA CCTACGGGNGGCWGCAG 
V3V4_rev_22 GCTTCTGA GACTACHVGGGTATCTAATCC 
V3V4_forw_23 GGCAAGAT CCTACGGGNGGCWGCAG 
V3V4_rev_23  GGCAAGAT GACTACHVGGGTATCTAATCC 
V3V4_forw_24 GTGCTTTC CCTACGGGNGGCWGCAG 
V3V4_rev_24  GTGCTTTC GACTACHVGGGTATCTAATCC 
V3V4_forw_25 ACACACTG CCTACGGGNGGCWGCAG 
V3V4_rev_25  ACACACTG GACTACHVGGGTATCTAATCC 
V3V4_forw_26 CGATTCTG CCTACGGGNGGCWGCAG 
V3V4_rev_26  CGATTCTG GACTACHVGGGTATCTAATCC 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

V3V4_forw_27 GCAGAGTT CCTACGGGNGGCWGCAG 
V3V4_rev_27  GCAGAGTT GACTACHVGGGTATCTAATCC 
V3V4_forw_28 CGTCCTAT CCTACGGGNGGCWGCAG 
V3V4_rev_28  CGTCCTAT GACTACHVGGGTATCTAATCC 
V3V4_forw_30 GCTTGGTT CCTACGGGNGGCWGCAG 
V3V4_rev_30 GCTTGGTT GACTACHVGGGTATCTAATCC 
V3V4_forw_31 ACAGGCTT CCTACGGGNGGCWGCAG 
V3V4_rev_31 ACAGGCTT GACTACHVGGGTATCTAATCC 
V3V4_forw_33 TGACGCTT CCTACGGGNGGCWGCAG 
V3V4_rev_33 TGACGCTT GACTACHVGGGTATCTAATCC 

 

 
Table S3. Number of reads per sample. 
 

Sample Number of reads 
Soil 1 751 
Soil 2 12,660 
Pre 1 20,440 
Pre 2 17,787 
Pre 3 15,471 
Pre 4 34,802 
Control 1 4,649 
Control 2 20,846 
Control 3 16,229 
Control 4 16,556 
WT 1 12,436 
WT 2 18,554 
WT 3 18,182 
WT 4 11,964 
sfp 1 13,354 
sfp 2 16,737 
sfp 3 12,472 
sfp 4 21,421 
srfAC 1 7,047 
srfAC 2 1,184 
srfAC 3 3,563 
srfAC 4 7,663 
∆pksL 1 11,017 
∆pksL 2 2,115 
∆pksL 3 7,063 
∆pksL 4 5,187 
∆ppsC 1 9,443 
∆ppsC 2 10,823 
∆ppsC 3 9,947 
∆ppsC 4 2,112 

 
 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 
 
Figure S1. Abundance ratios for each genus and replicate (points) in the sfp-treated 
community compared to the WT-treated community. Statistical significance is defined as P ≤ 
0.05 (*) and P ≤ 0.001 (***). 
 

 
 

Figure S2. Abundance of Viridibacillus genus in each mock community. Points represent the 
abundance in each replicate. Treatments with the same letter are not significantly different. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 

 

 
Figure S3. Different levels of aggregation of L. fusiformis M5 after exposure to spent medium 
of B. subtilis WT and sfp or without treatment. Scale bars indicate 3 mm. 
 

 
 
Figure S4. Growth curves of L. fusiformis M5 exposed to different concentrations of the 
solvent MeOH and without treatment (control). Error bars represent the standard error. N = 
6 (control assay), N = 2 (MeOH-treated assays) 
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Depiction of secondary metabolites and antifungal activity of 
Bacillus velezensis DTU001 
 
 
Devi S, Kiesewalter HT, Kovaćs R, Frisvad JC, Weber T, Larsen TO, Kova ́cs A ́T*, 
Ding L* (2019). Synthetic and Systems Biotechnology 4(3): 142-149 
 



 

 

Supplementary Figures  

 

 

Fig S1. Detection of lipopeptides from B. velezensis DTU001 extract. Base Peak Chromatography of 
the crude extract (BPC, first line) and extracted ion chromatography indicating the presence of 

iturin A5 (second line), plipastatin B (third line) and surfactin C (fourth line).  

 

Fig S2. MS/MS fragmentation for iturin A5. 

Fig S3. MS/MS fragmentation for plipastatin B. 

 

Fig S4. MS/MS fragmentation for surfactin C. 
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Surfactin production is not essential for pellicle and root-associated 
biofilm development of Bacillus subtilis 
 
 
Thérien M#, Kiesewalter HT#, Auria E, Charron-Lamoureux V, Wibowo M, 
Maróti G, Kovács ÁT*, Beauregard PB* (2020). Biofilm 2:100021 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig S3. Extracted ion chromatograms (m/z 1000-2000) showing the presence of surfactin 
produced by the newly isolated B. subtilis strains grown on MSgg agar medium and the lack of 
surfactin production in the srfAC derivates. The chromatograms of the MSgg medium and the 
surfactin standard are shown below. Surfactins, iturins and fengycins are all in the m/z range 
1000–2000 that can be detected by ESI–MS [45,46]. 
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Table S1. Strains used in this study 
 
B. subtilis 

strains 
Characteristics Reference 

NCIB3610 WT/Undomesticated strain Lab stock 
SSB46 3610 srfAA::erm [28] 
MT529 3610 srfAA::erm (new transduction in 3610 background) This study 
MT476 3610 srfAA::kan  This study 
PB174 amyE::PtapA-lacZ Lab stock 
MT644 sfp::erm BKE03569 

[46] in 3610 
MT619 srfAA::kan amyE::PtapA-lacZ (SpecR) This study 
MT650 sfp::erm amyE::PtapA-lacZ (SpecR) This study 
MT607 amyE::Peps-lacZ (ChlR) Lab stock 
MT613 srfAA::kan amyE::Peps-lacZ (ChlR) This study 
MT651 sfp::erm amyE::Peps-lacZ (ChlR) This study 
CA018 amyE::PtapA-yfp (SpecR) [47] 
MT649 srfAA::kan amyE::PtapA-yfp (SpecR) This study 

MB8_B1 B. subtilis soil isolate from sample site 55.843861, 12.424770 This study 
MB9_B1 B. subtilis soil isolate from sample site 55.843861, 12.424770 This study 

P5_B1 B. subtilis soil isolate from sample site 55.788800, 12.558300 This study 
P8_B1 B. subtilis soil isolate from sample site 55.795200, 12.580600 This study 
P9_B1 B. subtilis soil isolate from sample site 55.791200, 12.575100 This study 

75 B. subtilis soil isolate from sample site 50.725876, 10.916218 This study 
DTUB27 MB8_B1 amyE::Phyperspank-gfp (ChlR) This study 
DTUB30 MB9_B1 amyE::Phyperspank-gfp (ChlR) This study 
DTUB38 P5_B1 amyE::Phyperspank-gfp (ChlR) This study 
DTUB40 P8_B1 amyE::Phyperspank-gfp (ChlR) This study 
DTUB43 P9_B1 amyE::Phyperspank-gfp (ChlR) This study 

TB731 75 amyE::Phyperspank-gfp (ChlR) This study 
DS1122  3610 srfAC::tn10 (SpecR) [32] 
DTUB68 MB8_B1 srfAC::tn10 (SpecR) This study 
DTUB71 MB9_B1 srfAC::tn10 (SpecR) This study 
DTUB79 P5_B1 srfAC::tn10 (SpecR) This study 
DTUB80 P8_B1 srfAC::tn10 (SpecR) This study 
DTUB82 P9_B1 srfAC::tn10 (SpecR) This study 
DTUB89 75 srfAC::tn10 (SpecR) This study 

DTUB146 MB8_B1 srfAC::tn10 (SpecR); amyE::Phyperspank-gfp (ChlR) This study 
DTUB147 MB9_B1 srfAC::tn10 (SpecR); amyE::Phyperspank-gfp (ChlR) This study 
DTUB148 P5_B1 srfAC::tn10 (SpecR);amyE::Phyperspank-gfp (ChlR) This study 
DTUB149 P8_B1 srfAC::tn10 (SpecR); amyE::Phyperspank-gfp (ChlR) This study 
DTUB150 P9_B1 srfAC::tn10 (SpecR); amyE::Phyperspank-gfp (ChlR) This study 
DTUB145 75 srfAC::tn10 (SpecR); amyE::Phyperspank-gfp (ChlR) This study 

 

[46] Koo B-M, Kritikos G, Farelli JD, Todor H, Tong K, Kimsey H, et al. 

Construction and analysis of two genome-scale deletion libraries for 

Bacillus subtilis. Cell Syst 2017;0:1–15. doi:10.1016/j.cels.2016.12.013. 

[47] Vlamakis H, Aguilar C, Losick R, Kolter R. Control of cell fate by the 

formation of an architecturally complex bacterial community. Genes Dev 

2008;22:945–53. doi:10.1101/gad.1645008. 
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